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,  AcuitilmgU)itsC'h;jrtLT,  the  mission  of  A(iARl)  is  tobringiogcihcr  the  leading. pcrsonaliiics  o!  thcNAi'O  nations  in  the  fields 

of  science  and  Technology  rclaling  to  aerospace  for  the  following  purposes; 

—  Kcconmciding  effeciive  ways  hir  the  member  mitions  to  use  iheir  research  and  deveUipment  eapahihiie.s  ft»r  the 
*  eonimon  henefit  of  the  NATO  community; 

—  Providiiigsciei'iific  and  technical  advice  and  assistance  to  the  Military  ('ommitice  in  the  field  of  aerospace  research  and 
development  (with  particular  regard  to  its  military  application); 

—  Continuously  siimu’  iiing advances  in  the  aerospace  sciences  relevant  u>  sirengihenmg  the  common  defence  pivsiurc; 

—  Improving  the  co-operation  among  meinbi t  nations  m  aerospace  research  and  Jevelopnienl: 

-  l-xcliangc  ut  ocientific  and  T-.a.liiiivai  i:if-’imation; 

—  Providing  assistance  to  member  nations  for  the  purpose  of  increasing  their  sciciuific  and  technical  potential, 

—  Rendering  scientific  anti  technical  assistance,  as  ict|uesied.  lo  other  NATO  bodies  and  to  member  natiims  in  eonnceiion 
With  research  and  development  problems  in  the  aerospace  field. 

'  'Phe  h'ghesT  aiilhority  within  AfiAKD  is  the  National  Delegates  Poardconsislingof  officially  appointed  senior  reprcsciilalives 

,  frorr  each  member  nation.  The  mission  of  AGARD  is  corned  out  through  the  Panels  which  arc  composed  of  experts  appointed 

by  the  National  (delegates.  theC'onsullani  ar«l  Exchange  Programmeand  the  Aerospace  ApplicalionsSlud'cs  Programme.  The 
results  of  ACtARD  work  are  reptuied  lo  the  meinbei  nations  and  the  NAlO  Authorilic.s  through  the  AGARD  series  of 
publications  v)f  which  this  is  one. 

,  Participation  in  AGARD  activities  is  by  invitation  only  and  is  normally  limited  to  eiluenv  of  the  NATO  nations. 


1  he  content  of  this  publication  has  Isecn  reprrxiuced 
directly  from  material  supplied  by  AGARU  or  the  authors. 
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Preface 


1  liL  f’lckl  «)1  aircraft  .siafiilit)  and  Liintrr.l  providcMiiany examples  i)( surcesvful  applicatunis  td  system  idcntit’uMiidn  technology. 
l  or  tixcd  wing  aircraft,  this  approach  to  determine  stahility  and  Cimtrol  derivatives  is  used  with  confidence.  1  he  application  of 
the  same  tcchnique.s  to  helicopters  is  not  so  far  advanced  mainly  bccau.se  the  aciomcchanical  complexity  ot  the  helicopter 
rctiiiircs  nuirc  cvunplicatcd  inatheniatical  models,  amt  the  generally  riiuch  higher  noise  levels  of  helicopter  flight  d^ia  Only  a 
I'ou  specialists,  mostly  in  research  tngaiiisai'ons.  have  concentrated  on  lolorcraft  system  identification.  The  considerable 
invt  vtnient  required  to  start  up  an  in-house  tdcntilication  capjibility  cau.ses  a  major  impedance  to  a  widespread  adoption  of 
these  (cchnii;jcs  in  the  industry  community.  As  there  is  no  formal  ariangemcni  to  cooidiiii'te  these  activities  within  the 
A(  ■  \R15  nations,  it  was  detmetl  appropriate  h»r  the  blight  Mechanies  Panel  (KMP)  of  the  Advisory  Cjrtmp  for  Aerospace 
Ke'^eurch  arid  Development  to  sptmsor  a  Working  Group  to  Akus  on  the  applicational  aspect.s  of  the  various  individual 
iij'ipfoaches  and  tti  evaluate  the  strengths  and  weaknesses  ol  the  diffeient  methods. 

In  tile  established  Working  Ciroup  W(.i  IH  on  Kotonruji  Sysum  t(knufuuium  the  lull  range  of  available  individual  system 
Kleiiiiticaiion  approaches  was  exercised  on  three  common  flight  test  Jala  sets  (AM -^4  tif  M1)MC’,  BO  10.^  of  IM.R.and  SA-3.^0 
« it  K,^  I : ).  riie  scope  of  i  he  work  for  each  of  the  data  bases  was  to 

1  evaluate  the  kinematic  consistency  of  the  mca.sured  data. 

2-  conduct  the  identincaiion  of  6-degrecs-of-frccdom  rigid  body  derivative  models. 

.3.  verify  the  identification  rc.sults  using  flight  lest  data  other  than  those  applied  for  idenijfic-iiion. 

4.  examine  selected  special  topics  of  concern  in  application  rotorcrafi  system  identification  results:  model  r<ibustiiess, 
simulation,  handling-qualities,  flight  control. 

Six  Mccting.s  of  ihe  Working  Group  were  held  at; 

).  the  European  Rolotcraft  Forum,  Arles.  Prance.  7—11  September.  W87. 

2.  S  rPA,  Haris,  Prance,  13  —  16  March  1988. 

3.  AFDD.Mofict  Field,  13-14  October  1V8H. 

4.  RAti  Bedford,  United  Kingdom,  n--13April  1989. 

5.  M  ,K,  Amsterdam.  Netherlands.  1 1  —  1 5  September  1989. 

6.  DLR.  Braun.schweig,  Germany,  19— 20  March  1990. 

F.avii  lucciiiig  piovided  die  opportunity  for  valuable  intormaiion  exchange  about  the  inuivuluai  technical  approaches  and  tor 
comp.irisons  of  the  obtained  results  and  ideas  for  further  improvements.  The  fact  that  the  Group  almost  simultaneously 
evaluated  fligot  test  data  from  three  quite  different  helicopters  provided  a  unique  frnmework  for  detailed  discussions  and  for  a 
significant  increase  in  experience.  Another  imponani  aspect  was  the  panicipatiun  by  helicopter  industry  scientists  as  WG 
members  which  allowed  a  mote  in  dcftih  appreciation  of  rhe  potemia*  present  statu.s,  views,  and  needs  for  industry  application 
of  loiorci  aft  identification  techniques.  However,  thf  bulk  of  the  work  was  done  by  the  Working  (iroup  Members  back  at  their 
home  office.s,  mo.stly  in  their  spare  lime.  Their  motivation  and  efforts  should  not  be  under e.siimatcd  and  ate  highly  appreciated. 

Some  W(i  Members  were  charged  with  the  preparation  of  the  various  parts  of  this  report,  using  the  material  provided  by  the 
Group.  To  acknowledge  their  additional  effort,  the  principal  authors  of  the  individual  Chapters  or  Sections  aregivcti  in  the  form 
of  footnotes  U)  the  headings. 

All  contrihuli<ins  were  assembled  at  the  f)l.R  Institute  for  Flight  Mechanics.  Here,  special  recognition  is  m.ulclo  Mr  J.Kalctka 
and  Mr  G.Ro.scnau  for  *hc  editorial  wot  k  and  the  final  layout  of  the  individual  contributions. 
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Peter  G.  Hamel 

Chairman,  FMP  WG- 18  Ro:onnifi Synem  lUeniifii  uiion 
Member,  Flight  Mechanics  Panel 


Preface 


l.c  doniainc  du  la  stabililc  ct  du  ctmtroK’  dcs  aemnefs  fourni!  p!lJ^it•ur^  cxcnipIcN  il'app!iL*a!n.>n>  df  icthnologifs 

d'ldentification  des  .>yslcme.s.  Dans  Ic  cas  des  aeronefs  a  v-oiluic  fixe,  la  •.echnique  qui  consistc  a  tkrcrniiiicr  Sc^  di-rivce^  dc  la 
stabilitiiel  du  controlc  pcui-ctrc  employee  avccconfiancc.OrJ'applicalion  desmcftifs  techniques  auxhelicopicrcs  n’esi  pasau 
incme  stade  d'avancernent.  prineipalcmeni  ;>aicc  que  la  complexitc  acromecaniquc  dt  Thclicoptcrc  v  iXfH'  des  modelcs 
mathematiques  plus  conipliques  et  parcc  que  lev  niveaux  dc  bruit  dcs  elements  du  vol  dcs  helieupurcs  soni  plus  cileves. 

Seuls  qiiciques  spccialistes,  pour  la  plupan  employes  aupres  d’organisations  dc  rcdtcrchc.  ont  su  coMCcntrcr  Icurs  •-•ftotts  sur 
ridentification  dcs  sysiemcs  de  voilurcs  tournanies.  l.'invcsiissemeni  considerable  que  repiesenie  la  creation  d'uiic  installation 
d'ldentificalion  dans  Tusinc  men.e  cst  Tun  dcs  cmpccheiitcnis  majeurs  a  I'cmpUn  hanalise  des  ces  techniques  dans  I  industrie 
acronauti{]ue. 

Htani  donne  qu’il  n’existe  audun  accord  cn  ccqui  conccmc  la  coordination  deccsactivitcsau  scin  dcs  pays  menibresde 

rOTAN.  tl  a  etc  jugc  oppiortun  que  Ic  Panel  dc  la  Mccanique  du  Vol  de  TACiARD  (l-'MP)  crcc  un  groupc  dc  travail  pi>ur 
examiner  on  particulicr  les  possibihtes  d’applications  des  ilifferentcs  initiatives  indiviuucHes  qui  ont  che  prises  et  pour  cvaluei 
Ics  points  forts  et  les  p  nts  faiblcs  des  diffcrentcs  methodcs. 

Lnefoiscrec\Ic  groupc  dc  travail  No.  18  sur ’L'idcmification  dcssysicmcsdevoilure.siourn:intv-s'*  a  precede  a  I'applicaiion  dc 
toutc  la  gamme  dc  methodcs  individuclles  d'ldcntification  dcs  systemes  pour  trois  ensembles  de  donnees  d'essais  en  vol 
comniun.s  (AH64  du  MDHC,  BO  305  du  DLR  ct  SA'330du  RAli)  i.es  laches  impostVs.  p«»ur  chaque  base  de  donnees  furent 
les  suivantes; 

1.  E; valuer  la  coherence  cinentuiique  de.s  donnees  enregistreks. 

2.  Proceder  a  I'ldcntification  dc  modele.s  derives  dc  corps  rigides  a  six  degre^  dc  liberie 

Verifier  les  re.sultats  <lc  ridcniificaliiin  en  sc  servant  dc  donnees  d'essais  cn  vo)  autics  que  cellcs  utili.sccs  pour 
ridentification 

4.  I•xamincr  des  questions  seleclionnees.  ayant  un  inierct  particulicr,  en  ce  qui  concerne  les  resuliats  dc  rideniitication  de 
systemes  pour  applications. 

Lc  groupc  dc  travail  s'est  rcuni  six  fois: 

!.  A  I'lfuropCOn  Hotorcrufi  Konim.  Arlc**.  **n  Kf:«i>ec  du  7  au  1 1  septemho'  10X7 

2.  Au  STPA.  a  Pans,  cn  France,  du  15  au  16  mars  I9»H. 

3.  Au  AFDD  a  Moffet  Field,  du  13  au  14  oct<»bre  1986 

4.  Au  HAB,  a  Bedford. au  Koyaume-Uiii, du  11  au  13avril  1988. 

5.  Au  NLR,  a  Amsterdam,  au  Fays-Bas.du  11  au  15  .scpicmbre  1988. 

6.  Au  DLR,  a  Braunschweig,  en  Allernagnc.du  I9au  20  mars  1990. 

Chaque  reunion  a  fourni  Toceasion  d  echangcr  des  informations  sur  dcs  nr.clhixles  techniques  ind'viduellcs.  dc  comparer  les 
rcsultatsobtenuseidefonnulcrdcsidees  surd'eveniucllesamdlioraiions.l.cfaiiquele  groupc  a  evalue  pr  ;squesiniultanemenl 
des  donnees  d'essais  en  vol  obtenucs  sur  tr»>is  helicoptcres  lout  a  fail  differeiits  i  crcc  un  forum  unique,  qui  a  pcrmi.s  aux 
participants  d'eniamcr  des  discu.s.sions  appr^ifondies  et  d’ennehii  leuis  eonnaissances  dans  cc  domaine. 

L'n  auire  aspect  iinportiuil  a  etc  la  piarticipation  au  grou|X'  de  travail  dc  scientifiques  employes  aupres  dc  fabricants 
d'helicopieres.  C'eei  a  pcrmi.s  unc  appreciation  plus  approfondie  dc  I'etat  de  I'.irt  actuel  ct  potcntiel,  des  avis  dcs  intcrcsses.  et 
dcs  besoins  qui  existent  dans  Ic  doniainc  dcs  applications  industnc'lc.s  dcs  techniques  d’idcntificalion  dcs  aenmefs  a  voilures 
tournanies  Toujours  csl-il  que  la  niajoriic  iu  travail  a  etc  effeeiuc  sur  les  lieux  de  travail  des  dirtcreni-  membres  du  groupc. 
souvenl  pendant  leur  temp.s  librc.  Leur  degre  de  motivation  cl  les  efforts  qu  ;ls  out  bient  voulus  y  consacier  ne  stim  pas  a  scus 
estimer.  car  ils  .sont  tre.s  apprecic.s. 

(  ertain  membres  du  groupc  de  travail  ont  etc  charges  dc  la  preparation  des  difierentes  -jctiions  Je  cc  ruppori.  a  pari.r  dcs 
elements  f'lnnis  par  le  groupc.  Afin  dc  recirnnailrc  Icnr.s  contributions  .siippli:‘Tienla!rc.s,  Ic.s  noms  dcs  principaux  auteurs  i.1c.s 
sections  ou  des  chapiires  en  question  sont  indiques  -sous  forme  tie  po.stscripii  aux  litres. 

I  ensemble  dcs  contributinns  .i  etc  mis  cn  forme  a  I’Institu!  dc  la  Mccaniouedu  Vol  au  DLR.  Ici,  encore,  il  y  a  lieu  de  remcrcier 
cn  particulicr  M.  Kaleika  et  M.  Roseiiau  pour  le.siravaux  d'cdiiionci  de  mi.se en  pagcdctiniiiv.Mlcscomribui.ons  individucUo. 
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Summary 


I'bt  lixcil  win^  aircriifi.  Ny>t«:m  idciilitiaUion  mclhmlsUnlctcrmincNiJibilily  ;uKi  c<’n(r'i]  itcrivativcs  from 
flight  test  d''».a  .ire  used  with  confisienec.Tlie  application  nf  the  same  *cehiiiques  to  helicopters  is  not 
far  advanced  mainly  because  the  aetomcchamcal  complexity  of  the  hclict»j.ier  !ct|inrcs  iimre 
cuuiiplicaied  inatht:niarical  miHlcl.s,  and  the  generally  much  higher  noise  levels  oi  helici'pter  fligfit  data. 
Orly  a  few  specialists,  mostly  in  research  organisutioiis,  have  concentrated  on  this  field  aiui  the 
application  in  mdu.stry  is  still  sporadic. 

To  coordinate  these  activities  within  the  NATO  nations,  a  Wttrking  (iroup  was  ctmstituted  l^y  the 
AGARD  f'lighl  Mechanics  Panel  to  foeu.s  on  the  applicational  aspects  t)f  the  various  inilividual 
approaches  and  to  evaluate  tlie  strength.';  and  s\x'aknesscs  of  the  different  methods  The  Members  of  thi.s 
Working  Grtiup  (WG-18)  on  'Uiioixrufi  S\\tem  /t/t'unj'uunon  applied  their  individual  idenlitication 
approaches  to  three  common  flight  test  data  bases  {AH*b4,  BO  lU.*!,  and  SA-.V'^O)  that  were  provioed  to 
the  WViiking  (iroup  by  Mcl^unncll  Douglas  I  Iclicopicr  (.'on’p.  (MI)IH').  Deutsche  For.sehungsanstali 
fiir  Luft-  und  Raumfahrl  (DLR),  and  Ruyal  Aerospace  Tstablishmcnt  (KAfi). 

This  Report  contain.s  the  findings  ot  the  Wtirking  (jfoup.  A  review  of  the  recent  roliircrafl  system 
ideniiticanon  activities  i.s  given.  Comnicnts  obtained  from  a  questionnaire  that  was  di-stributed  to  the 
rouircraft  industry  are  summarized  to  document  the  rt»le.  interests,  and  needs  of  industry.  I  he  flight  test 
data  bases  provided  to  the  Working  Group  arc  described  in  detail.  In  the  chapter  on  identificatii>n 
methodologies  the  major  steps  required  for  the  identification  are  prcsintcd:  flight  test  pioredurc.s. 
insirumenlation.  data  processing  and  evaluation,  and  identification  techniques.  Ftir  e-ich  of  the  thice 
helicopters,  comparisons  of  the  obtained  results  arc  discussed  in  the  form  of  case  studies,  covering  data 
quality  evaluations,  idcntificatioii,  and  verification  of  the  obtained  models.  Robustness  issues  for  system 
identification  are  addressed.  Finally  three  major  application  areas  of  identification  results  ;nc 
emphasized:  .simulation  validation,  handling  qualities,  and  control  .system  design. 
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1.  Introduction  and  Overview’) 

I.l  Background 


Over  the  last  two  decades  helicopters  entering  service  and  rcqi'ircd  to  meet  increased  operational  performance 
have  with  few  exceptions,  experienced  prolonged  flight  test  development  to  achieve  full  certification.  In  many 
cases  the  original  requirement  has,  at  a  late  stage,  been  reduced  to  enable  release  to  service.  The  impact  on  the 
customer  and  manufacturer  has  been  considerable  and  amounts  to  increased  costs  and  employment  of  highly 
skilled  resources  and  reductions  in  operational  capability.  These  costly  experiences  are  largely  a  result  of  the 
rotorcraft  not  behaving  as  designed  (in  terms  of  flying  qualities  and  performance).  The  ensuing  re-design  effort 
requires  improved  and  more  accurate  modeling  at  the  design  stage,  utUi2ing  advanced  wind  tunnel  rotor  model 
test  data.  However,  it  is  indispensable  to  check  wind  tunnel  predictions  with  results  fiuin  actual  fliglit  tests.  In 
this  sense  the  evaluation  of  flight  test  data  can  be  used  as  a  tool  for  validating  wind  tutuicl  results,  improving 
the  confidence  in  rotorcraft  mathematical  models  and,  finally,  reducing  the  uncertainty  levels  of  important 
aerodynamic  stability  and  control  parameters  of  the  model. 

The  methodology  of  system  identification,  i.e  the  derivation  from  flight  tc.st  results  of  a  rotorcraft  mathematical 
model  in  terms  of  both  model  structure  and  model  parameters  using  the  relationship  netween  measured  control 
inputs  and  system  responses,  is  a  key  way  of  overcoming  some  of  these  problem  (IhIT,  l‘.>89,  [1-  IJ;  Klein,  1989, 
[1.2];  Padfield  (editor),  1989,  [1.3]). 


1.2  Basics  of  System  Identification 

The  .system  identification  (S.l.)  framework  can  be  divided  into  three  major  parts  (Hamel,  1987,  [1.4]): 

•  Instrumenlation  and  filters  which  cover  the  entire  flight  data  acquisition  prociss  Including  adequate 
instrumentation  and  airborne  or  ground-based  digital  recording  equipment.  Effects  of  all  kinds  of  data 
quality  have  to  be  accounted  for. 

•  Flight  Test  Techniques  which  are  related  to  selected  rotorcraft  maneuvering  proceilurc.t  in  order  to  onti- 
mixe  control  inputs.  The  input  signals  have  to  be  optimized  in  their  spcctiul  coiiiixisilion  in  order  to  excite 
all  rotorcraft  response  modes  from  which  parameters  are  to  be  estimated. 

•  Analysis  of  Flight  Test  Oata  whi-h  includes  the  identification  of  the  mathematical  model  of  the  rotorcraft. 
An  estimation  criterion  with  an  iterative  computational  algorithm  is  used  to  adjust  starling  values  or 
a-piiori  estimates  of  the  unknown  parameters  until  a  set  of  parameter  estimates  is  obtained  whicli  I'nini  ■ 
mizes  the  response  error. 

Corresponding  to  these  strongly  interdependent  topics,  four  impoilant  aspects  of  the  art  and  science  of  system 

identification  have  to  be  carefully  treated  (Figure  1.1). 

•  Importance  of  the  control  input  shape  in  order  to  excite  all  modes  of  the  vehicle  dynamics  motions. 

•  Type  of  rotorcraft  under  investigation  in  order  to  define  the  structure  of  the  mathematical  models, 

•  Selection  of  instrumentation  and  filters  for  high  accuracy  measurements, 

•  Quality  of  data  analysis  by  selecting  most  suitable  time  or  frequency  domain  identification  methods. 

These  '’Qu»d-IM''-requiremcnt5  must  be  carefully  investigated  from  a  physical  standpoint  in  order  to  define  and 

execute  a  successful  experiment  for  system  identification. 


1.3  Benefits  of  System  IdentincBtioii 

The  objective  to  validate  mathematical  models  from  the  knowledge  of  control  inputs  and  .system  responses  via 
flight  test  data  collection  and  analysis  will  improve  the  confidence  and  reduce  the  untxirtainty  of  important 
aerodynamic  stability  and  control  parameters  describing  rotorcraft  flight  mechanics  (I'igurc  1.2). 


')  Trinciptl  Author:  P.  O.  I  iamel,  Di.R 


.Sc"n  from  the  aspect  of  cost  effectiveness  important  bcnef.la  of  rotorcraft  system  idciilificalion  arc  related  to 
the  potential  to  reduce  the  amount  of  costly  and  time-consuming  rotorci;iA  fliglit  testing  with  respect  to  spec¬ 
ification  and  ccitifica'.ion  requirements.  Improved  assessment  and  evaluation  of  flying  qualities  becomes  pos¬ 
sible  (figure  l..f). 

An  additional  important  factor  is  emerging  from  the  area  of  implementation  of  activc-control-tcchnology 
(ACT)  concepts  offering  the  promise  of  significantly  increased  rotorctaA  performance  and  operational  capa¬ 
bilities.  It  is  well-known,  that  this  approach  extends  the  traditional  trade-offs  between  aerodynamics,  structures 
and  propulsion  to  include  the  capabilities  of  a  fulltime,  full-authority  digital  fly-by-wire/light  control  system. 
It  is  imperative  that  the  actual  aerodynamic  stability  and  control  parameters  turn  out  as  predicted,  since  the 
inlierent  stability  margins  may  be  lower  and  the  fligitf.  control  system  must  compensate  these  deficiencies  to 
provide  required  handling  qualities,  fn  cases  of  high  bandwidth  model-following  fliglit  control  system  designs, 
accurate  mathematical  models  improve  feed-forward  control  and,  consequently,  lower  feedback  gains  for  model 
deficiency  compensation  (figure  1.4). 

Still  more  imponant,  system  identification  techniques  are  likely  to  become  in  the  future  mandatory  for  model 
validation  purposes  of  ground-based  rotorcraft  system  simulators.  Such  simulators  require  extremely  accurate 
mathematical  models  in  order  to  be  accepted  by  pilots  and  government  organizations  for  realistic  comple¬ 
mentary  rotorcraft  mission  training  (I'igurc  1.5). 


1.4  Requirement  for  Multidisciplinar)'  Collaboration 

Due  to  the  higlily  complc;;  acromechanical  aird  coupled  flight  dynamic  behaviour  of  helicopter  and  other 
rotorcraft  configurations,  long  term  interdisciplinary  scientific  knowledge  combined  with  practical  research 
expertise  is  required  in  order  to  use  ulentification  and  mathematical  modeling  tools  in  a  most  efficient  way  It 
is  also  important  to  establish  an  unproved  dialogue  between  research  institutions  and  industry. 

This  is  one  of  the  reasons  that  these  techniques  are  mostly  concentrated  in  research  organizations  like  US 
.Vrmy/AR'I'A,  NASA,  D1,R,  NLR.  RAli  and  CERT/ONERA. 

One  efficient  way  of  developing  this  knowledge  and  providing  the  research  expertise  is  by  using  the  combined 
strengths  and  complementary  facilities  of  the  relevant  NATO  nations  in  a  collaborative  programme.  This  i.s 
an  area  ideally  suited  to  the  mission  of  .AG.ARD  (Hamel,  1990,  [1.5]). 
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Figure  1.2.  Rotorcnift  system  identiriciition 
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Figure  1.3.  System  identirication  for  ratorciaft  flying  qualities  evaluation 


Figure  1.4.  System  identification  for  rotorcraft  flight  control  optimization 
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2.  Working  Group  Objeclives^) 


llic  ACiARI)  I'light  Mccliaiii;s  I’ancl  (I'MP)  wliich  for  the  last  fifteen  years  has  sponsored  activities  in  tlic 
field  of  flight  vehicle  parameter  and  system  identification,  decided  in  19S7  that  the  optimum  way  in  whicli 
ACiARO  could  contribute  to  this  area  was  to  set  up  a  Working  Group  IS  comprising  a  wide  range  of  research 
specialists  and  industry  representatives,  tasked  with  exploring  and  reporting  on  the  topic  of  Rolorcraft  System 
Identification. 

llic  fust  two  objectives  of  the  Working  Group  are 

1.  to  evaluate  the  strengths  and  weaknesses  of  the  different  approaches  and  to  develop  guidelines  for  the 
application  of  identification  techniques  to  be  used  more  routinely  in  design  and  development, 

2-  to  define  an  integrated  and  coordinated  methodology  for  application  of  system  ideiilificalioii  based  on  the. 
strengths  of  each  method. 

These  objectives  have  been  pursued  in  a  time  fiamc  of  about  two  and  a  half  yeius  (!'i8S-1990),  through  the 
exercising  of  the  full  range  of  available  individual  .system  identification  mcthod.s  on  three  common  data  sets 
(AH-64  Ilf  MDUC,  nO-105  of  OI  R,  and  SA-3J0  of  RAU)  and  conducting  a  critical  review  of  aecompli.sh- 
ments. 

Ba.sed  on  the  work  on  the  first  two  objectives  the  final  objective  of  AGARI)  h.Vll’  Working  Group  IK  is 
3.  to  provide  an  overview  and  exficrtise  to  Industry  for 

•  better  understanding  of  the  underlying  scientific,  technical  and  operational  methodologies  involved 
in  rotorcrafl  sy.stcm  identification,  and 

•  increased  utilization  of  this  modem  (light  test  support  tool 

in  cooperation  with  research  centers  of  excellence  itt  this  field. 

To  be  as  effective  as  possible  in  achieving  the  declared  objectives  and  m.aking  sensible  recommendations,  the 
Group  lias  requested  Industry  to  provide  information  with  rc.spcct  to  any  experience  of  using  sy.stcm  idcntifi- 
caiioii  iools  and  to  iiiuicaie  techniques  cunentiy  used  lo  validate  simuiation  models  (see  chapter  .1.3). 
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3.  Review  of  Recent  System  Identification  Activities 


niis  chapter  first  gives  some  ideas  of  the  use  of  system  identification  diiriiig  ttic  design,  development,  ccrtil- 
ieation,  pioduelioii,  and  produel  iinproveilient  proccs.se.s  in  form  of  a  Sy.^U  i  Icli’nlifiruliiin  Uoiulmap  (  ,1.1) 
I  ben,  recent  helicopter  identification  activities  of  the  Working  (iroup  Members  arc  reviewed.  Ba.scd  on  the 
cvalu.alion  of  the  answers  to  a  questionnaire  that  was  dis'ributcd  t<'  the  lotorcraft  indiistiy,  a  discussion  of 
Inihjstry'r  view  and  requirements  is  presciilcd  in  the  section  on  7/n’  /?o/e  «/  ln<U‘xt>y  I  .1  l■'inally,  previous 
ACARD-UcttUed  Irlrntificalitm  Aaiviiirs  (  1.4)  .are  summari/.cd. 


Sy.stem  Identification  Roadmap-^) 


Rotoicrafl  .System  Identification  is  envisioned  as  a  set  analytical  tools  that  c,an  he  used  Ihroughom  the  design, 
development,  ccrtification/qualifieation,  produetion  and  product  improvement  process.  Its  objective  is  to  pro¬ 
vide  for  development,  .selection,  improvement,  and  vciification.'validation  of  engineering  and  training  math¬ 
ematical  simulation  models.  Such  models  are  needed  for  both  real  time  and  non  real  time  applieation.s.  While 
it  is  leali^ed  that  rotorcraft  .system  identification  does  no*  currently  provide  ihis  .set  of  tools  an  envisioned  flow 
of  how  system  identification  could  evolve  is  illustrated  in  J'igure  1.1.1.  I'hc  flow  is  initialed  by  a  .set  of  lotor- 
craft  design  rc<|ulrcments  which  Ihcii  evolve  through  the  life  cycle  phasc.s  and  result  in  a  full  ini.ssioii  .simulation 
capability  which  can  be  used  for  training  and  other  uses  wtiieh  could  greatly  reduce  the  life  eyeic  cost  of 
rotorcraft.  Wtiile  not  specifically  illustrated  in  f'igurc  l.'.l  the  approach  taken  i.s  to  try  ;uid  utilize  .system 
identification  techniques  at  tlic  appropriate  life  cycle  phase  to  gain  iiiasimum  Icveiagc  dttring  design  and 
dcveh.pmcnt.  With  this  iiilroduclioii  of  the  roadrnap.  sy.stem  identification  will  be  addressed  first  in  it.s  broadest 
sense  and  then  with  resc>cct  to  the  intricacies  of  rotorcraft  system  idcntificatitm. 

System  idcniifie.itioii  in  its  most  gene.al  form  could  be  defined  as  the  deduction  of  .system  eharaetcristies  from 
measured  data.  Obviously,  the  solution  of  this  postulated  "black  boa"  problem  is  impossible  without  further 
specification.  A  more  realistic  representation  would  he  viewing  system  identification  as  a  guide  for  tnathemat- 
real  modeling  as  illustrated  in  I'igure  3.1,2  Ibc  application  of  system  identification  techniques  i.s  strongly 
dependent  on  the  purpose  for  which  the  restihj  are  Intended;  ladic.'Uly  different  svsteni  models  and  ideiitifiea- 
tion  tce'miques  may  he  .appropriate  for  difTcrent  purposes  related  to  the  .same  system  t,Iliff  ct  al.,  I9S6, 
[1.1.1]).  In  this  perspective,  system  identification  teelrniques  are  applied  to  experimental  data  and  depending 
on  the  intended  pur(io,se,  a  model  is  selected  from  a  set  of  candidate  models.  The  jiurposc  imended  i.s  the  key 
to  the  complexity  of  the  desired  model  and  the  mathematical  techniques  used  in  the  ideulificalion  procesf.  Ir. 
actuality,  it  is  seldom  possible  to  identify  a  comprehensive  model  of  the  system  except  Ibr  simple  systems  ami 
a  subfield  trf  system  identification  called  parameter  idcntL.eation  is  often  used.  Parameter  identification  is  the 
process  of  determining  tlic  eoeflicients  or  paraineicrs  in  the  equatioits  of  the  system  with  a  given  structure  using 
measured  output  data  for  known  test  input.s.  In  reality,  on  anything  but  for  fairly  simple  systems,  the  param¬ 
eters  arc  really  estimates  that  rc.sult  in  an  adequate  model  of  the  sy.stem  for  the  purpose  intended. 

I'or  aerospace  systems,  the  purpose  intended  could  be  associated  with  estimating  the  cociTicients  or  patainricr.s 
ill  a  set  of  rigid  body  cqu.ations  of  motion  or  a  set  of  elastic  body  equations  of  motiim.  b'or  fixed  wing  appli¬ 
cations,  the  majority  of  experience  has  been  with  the  parameter  cslimalioit  of  stability  and  control  dcrivativc.s 
for  obtaining  the  linearized  rigid  body  equations  of  motion  involving  six  or  lers  degotes  of  freedom.  These 
stabUity  and  control  derivatives  can  Ire  used  to  ?-sess  haiidling  and  flying  qualities  compliance  and  for  (light 
co  'tiol  system  design.  Often,  for  conventional  fixed  wing  aircraft,  decoupled  1  PoT  longitudinal  .md 
latcral/directional  models  have  been  utilized. 

Paiamctcr  estimation  of  fixed  wing  structural  characteristics  is  a  less  mature  field  and  has  not  been  used  rou¬ 
tinely.  Though  all  aircraft  have  observable  structural  modes,  these  structural  inodes  could  or  enuld  not  affect 
the  estimation  of  aerodyniunic  stability  and  control  derivatives  depending  on  the  separation  between  the 
structural  modes  and  the  rigid  body  modes.  In  general,  if  the  structural  frequeneies  are  Idgher  than  the  highc.st 
rigid  body  modal  frequency  by  more  than  a  factor  of  ?  tn  10,  fhc  effect  of  structural  modes  in  the  estintatiim 
of  aerodynamic  stability  and  coutioi  derivatives  can  be  neglected  unless  the  iimplitudcs  of  structural  dellections 
are  so  large  as  to  mask  measurements  de.siiud  for  the  aerodynamic  analysis.  However,  if  one  or  more  structuial 
niode.s  are  found  to  affect  the  rigid  body  modes,  as  truly  occur  in  large  aircraft  and  spacecraft,  those  structural 
modes  must  be  included  in  the  mathematical  model  being  analyzed  (IlifT  et  al.,  1984,  [3.1.2]). 
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Ihus  far,  tlic  rlisciissioii  lias  btcii  concrn'cd  with  idenlificalioii  of  liiiCHr  iiioilcls  from  flight  test  data.  When 
ciigineeriiijj;  .simulation  validation  i.s  the  intended  piirprasc  of  parameter  estimation,  it  is  often  essential  to  ineludc 
nonlinear  models  and  techniques.  I  his  is  c.spccially  true  a.s  simulatioii.s  are  hemi', investigate  the  full  and 
expanded  flight  envelopes. 

Unlike  the  fliglit  dynamie.s  of  most  liaed  wing  aircraft,  the  dynamics  of  rotary  wing  aircraft  are  characteristically 
those  of  a  high  eider  system.  The  laigc  number  of  degrees  of  freedom  (Doh)  associated  with  the  coupled 
rotor-lmdy  dynamics  leads  to  a  large  number  of  unknown  paiamctcrs  lh.at  have  to  be  r.stiniaU’d,  making  it 
extremely  ditfieult  to  achieve  suece.ss  in  the  application  of  parameter  idcntificatiou  techniques.  A  12  Oof'  licl- 
icoptcr  simulation  model  stniLtiuc,  as  illustrated  in  Tigurc  3.1.3,  is  about  the  minimum  required  for  engi¬ 
neering  simul.''tion  validation  and  flight  control  system  design.  However,  for  handling  qualities  evaluation,  a 
6  DoT  model  may  be  adcqu.ite.  In  view  of  tlic  immaturity  of  rotorcraft  parameter  estimation,  the  WG  18 
approach  is  to  start  at  this  model  stnicture. 

('ciitral  to  virfualty  all  aspects  of  helicopter  design  and  evaluation  is  an  appropriate  mathematical  miiJcl.  Mo.st 
of  the  recent  effort.s  in  this  area  have  concentrated  on  flic  development  of  nonlinear  simulation  models  ITrough 
esscn'i.al  for  establishing  ground  based  simulators  and  for  pilot  training,  thc.se  nonlinear  models  dn  not  give 
clear  insight  into  the  vehicle  cliaractcrir.tics  urulcr  vaiious  flight  conditions  llius  then.-  is  a  need  for  the  devel¬ 
opment  of  linear  models  of  the  vehicle  about  various  o(SCrating  points  or  trim  conditions.  I'he.se  linear  models 
erm  be  used  in  establi.shing  the  stability  and  control  characlcr;stic.s  of  the  vehicle  and  they  arc  very  useful  for  a 
systematic  development  and  di-sign  of  the  vehicle  flight  control  sy.stcm.  In  addition,  the  linear  models  are  easy 
to  comi>tetiCiid  and  they  usually  form  the  basis  for  flying  qualities  evaluation 

Ihus  system  idcntifieation  efforts  can  be  viewed  in  two  contexts  fhe  first  context  is  developmental  in  nature 
■and  eonsi.sts  of  validation  and  ujxiaie  of  a  complex  cn^necring  simulation  model  using  flight  te.st  data  lire 
second  and  the  mo.st  fundamental  context  of  system  idemiftcation  is  to  dficnninc  the  adequacy  of  rotorcraft 
modeling  lor  flight  control  system  dcsigyi  and  handling  qualities  evaluation  In  this  ease,  'he  rotorcraft  math- 
cm<atic;u  model  .should  (k'  such  that  it  represents  the  physical  situation  as  rcali.stically  as  possible  and  at  the 
same  time  it  is  suflicie.ntly  simple  and  maihc'r.atitally  fraclabh.  .As  depicted  in  I'igurc  3  1.4,  development  of 
an  accurate  mathematical  model  with  sulfieient  d«g.recs  of  freedom  is  a  prerequisite  for  effective  flight  control 
system  design  and  hence  an  expandeo  flight  envelope. 

Since  a  simple,  inittimal-otdcr  model  is  a  key  to  jshysieally  rcali/..bie  control  sysiem  il.":iign,  it  is  imnoM  int  to 
detcriuinc  the  Ume.it  Older  fliat  would  best  lit  the  fliglit  test  data.  In  order  to  accoinplish  this,  linear  inodel.s 
of  dillerent  order  need  to  he  used  i.n  th.c  idenfifiealion  process.  Iliesc  different-order  models  may  include  body 
as  well  as  rotor  degrees  of  freedom  depending  on  the  order  of  the  model: 

1.  llody  longitudinal  dynamics  alone  -  4ih  order  model  (3  l)oI') 

2.  Body  lateral  dynamics  alone  -  4th  order  model  (3  Oof') 

3.  Body  coupled  dynamics  -  8th  order  model  (6  DoH) 

4.  Body  dynamics  with  first  order  flapping  dynaiuics  and  engine  re.s|H>ii.sc  (loniptiidinal  and  latcr.al  tip  path 
plane  tilts)  1  Ith  order  model  (9  IX' 1) 

^  Body  dynamics  with  rotor  flapping  dyn.ariaics  -  15fh  order  model  (In  Dob) 

6.  Body  dynamics  with  rotoi  flapping  and  lead-lag  dynamics  -  21st  order  model  (13  12ol') 

7.  Body  dynamics  with  lotor  flapping  and  lead-lag  dynatnics  and  with  inflow  dynamics  -  24th  order  model 

(16  IXib) 

Also,  identification  of  dLftcrent  order  models  wiB  gvc  insight  into  the  ctupling  jireseiil  in  body  degrees  of 
freedom  (coupling  between  longitudinal  and  lateral  dynamics),  rotm  dcgiccs  of  freedom  (effect  of  flapping  and 
lead-lag  dynainics  on  Ixidy  dynamics),  and  inflow  dynamics. 

1  he  need  for  system  identification  in  the  development  of  helicopter  linear  handling  qu.alities  models  becomes 
apparent  when  one  looks  at  the  altcniativcs  available.  In  general,  tlicrc  ate  three  diflcrcnl  methods  available  for 
developing  the  helicopter  linear  model  about  a  given  operating  point  (stc  Figure  3.1.5). 

Fhe  most  commonly  used  method  is  to  obtain  the  linear  mode!  from  a  global  nonlinear  simulation  model 
througli  a  numerical  jiertiifbalion  scheme.  In  this  method,  using  a  nonlinear  fliglit  emulation  model,  the  hcli- 
coptet  is  first  trimmed  at  a  given  flight  condition.  From  their  equilibrium  values,  the  states  and  controls  M's 
perturbed  one  at  a  time  to  obtain  the  changes  in  body  forces  and  moments.  'Iben  the  stability  and  control 
derivatives  are  obtained  as  the  ratio  of  change  in  corresponding  force  or  moinem  and  tlic  pcnurbalior.  size  of 
the  state  or  control.  Though  simple  and  straightforward  the  method  can  be  very  sensitive  to  the  perturbation 
size  which  itself  may  b,;  dependent  on  the  flight  condition.  In  order  for  successful  impicmcnlation  of  the 
numerical  perturbation  scheme,  it  ir  often  necessary  to  establish  first  ihe  perturbation  .sizes  that  will  result  in 
appropriate  stability  and  control  derivative  values  at  various  flight  condit'ORs. 
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ilic  srcoiid  mrthiHl  n  to  obtain  the  stahiljty  and  control  denvallvcJ  through  analytical  difTcrentiation  of  the 
foric  and  moment  crjuations  l>ue  In  the  compicaity  of  the  helicopter  force  and  moment  equations,  analytical 
difftrcniialion  by  manual  means  may  become  formiilable.  However,  the  task  involved  gets  simplified  somewhat 
by  the  use  of  syiribohc  pnKcssing  programs  The  advantage  of  this  method  is  that  once  an  analytical  bncai 
model  IS  obtained,  it  can  be  used  for  parametric  studies  on  a  routine  basis 

Idle  third  method  is  to  obtain  the  linear  model  from  aimulcted  nonlinear  response  data  through  system  iden¬ 
tification  I  'sing  the  global  nonlinear  simulation  program,  the  helicopler  is  trimmed  at  a  particular  flight  con¬ 
dition  f  rom  this  trim  condition,  the  helicopter  response  data  is  obtained  for  wide  band  cacitation  in  various 
rontrol  channels  and  mcasumnenf  noise  can  be  included  From  the  input-output  data,  linear  models  arc 
obtained  that  best  fit  the  response  data  Ihc  advantage  of  this  method  is  that  once  the  methodology  is  estab¬ 
lished,  the  same  may  be  uasd  to  obtain  linear  models  from  actual  flight  test  data. 

All  Ihc  three  methods  described  above  assume  that  a  very  good  nonlinear  model  of  the  helicopter  is  available 
for  linear  moiicl  extraction  In  the  nonlinear  model  development,  often  there  are  many  assumptions  and 
approximations  made  to  represent  the  complicated  aerodynamic  effects  such  as  rotor-body  aerodynamic 
interference  effects,  body  aerodynamics,  etc  Thus  it  is  required  to  develop  e  very  good  nonlinear  model  before 
any  of  the  linear  model  extraction  methods  can  be  applied  Hence,  the  only  w.sy  of  circumventing  the  problem 
of  the  nonavailability  of  a  good  nonlinear  model  tor  linear  model  extraction  is  to  obtain  the  linear  models 
directly  from  fliglit  test  data  using  system  identification  as  illustrated  in  Figure  3.1  S.  Ihus,  in  principle,  this 
method  complrmeiits  the  linear  model  extraction  from  simulated  response  data.  1310  vehicle  is  flight  tested  and 
input-output  data  is  rveorded  about  a  trim  condition.  The  type  of  input  selected  is  such  that  it  has  enough 
frequency  content  to  excite  all  the  dynamic  modes  and  degrees  of  freedom  of  interest  and  the  magnitude  of  the 
input  is  liitiitcd  to  keep  the  magnitude  of  the  vehicle  reaponsc  from  torn  in  the  linear  range.  Using  the  vehicle 
input-output  data  from  the  trim  flight  condition,  lineai  models  are  extracted  through  system  identification 

1  or  a  new  vehicle  under  development,  the  linear  model  extraction  from  flight  test  data  is  feasible  only  after  the 
pretotype  of  the  vehicle  is  available.  Thus,  considerable  insight  into  the  problems  associated  with  the  model 
extraction  peculiar  to  the  vehicle  under  development  can  be  gained  by  using  the  simulated  response  data  Also, 
expeiicnce  gained  through  model  extraction  from  simulated  response  data  may  be  fruitfully  used  in  the  plan¬ 
ning  and  execution  of  subsequent  flight  testing  and  the  model  extraction  from  fliglit  test  data. 

Baaed  on  the  above  discussion,  a  unified  approach  to  rotoreraft  system  identification  can  be  summarued  by 
the  following  five  part  approach  (DuVaS  el  al.,  1983  [3, 1 .3j;  sec  also  Figure  3  16  and  Figure  3. 1 .7): 

I.  Oencrate  assumed  linear  model  from  simulation. 

2  Develop  methodology  for  identification  from  flight  lest  data 

3  Validate  methodology  using  simulation. 

4.  Process  flight  test  data. 

3.  Upgrade  simulation  to  .match  flight  test  tesults. 

This  approach  could  be  incorporated  in  the  envisioned  flow  diagram  of  Figure  3.1.1.  The  remainder  of  this 
report  will  provide  a  status  report  on  totorcraft  system  identification  and  what  must  be  done. 
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Figure  3.1,2.  System  identification  as  guide  fur  mathematical  modeling 
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Figure  3.1.3.  12  DoF  helicopter  simulation  model  structure 
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Figure  3.1.4.  A  systems  approach  to  rotorcraft  stability  and  control  research 


Figure  3.1.5.  Helicopter  linear  handling  qualities  model 
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3.2  Recent  Helicopter  System  Identification  Activities^) 


3.2.1  Introduction  * 

The  last  1 0  years  and  5  years  in  particular,  has  seen  an  increase  in  the  number  of  organisations  developing  and 
applying  the  methods  of  system  identification  in  rotorcraft  flight  dynamics.  The  Special  Edition  of  Venica 
(Padficld  (editor),  1989,  [3.2.1])  pre.sents  the  most  up-to-date  snapshot  of  activities  from  most  of  the  practising 
agencie.s;  all  present  results  of  identification  performed  on  fliglit  test  data  gathered  over  the  last  few  years  at  four 
of  the  principal  flight  research  labs  of  the  NATO  countries,  DLR,  AFDD,  NAE  and  RAF,  together  with  the 
ARE,  Melbourne.  The  availability  of  a  wide  range  of  quality  test  data,  gathered  for  the  purposes  of  flight 
dynamics  analysis,  has  been  the  stimulant  to  this  rejuvenation  of  interest.  'Ihe  early  work  of  Molusis  (1972  - 
1974,  [3  2.2]:  [3.2.3],  and  [3.2.4])  and  Gould  and  Ilindson  (1973,  [3.2.5],  1974,  [3.2.6])  highlighted  the  com¬ 
plexity  of  the  rotorcraft  identification  problems  compared  with  conventional  aeroplanes  but  it  v;as  not  until 
improved  methods  could  be  applied  to  quality  test  data  in  the  early  1980s  that  the  insight  provided  by  this  early 
work  could  be  exploited  fully.  The  applications  presented  in  (Padfield  (editor),  1989,  [3.2.1])  reflect  a  strong 
investment  of  basic  research  into  theoretical  methods  and  test  techniques.  This  Chapter  presents  the  contrib¬ 
utions  made  by  the  research  agencies  to  this  work,  summarising  the  accomplishments,  problem  areas  and  future 
thrusts.  The  coverage  is  not  exhaustive  and  omits  the  work  of  some  non-participants  to  WG-18,  notably 
Advanced  Rotorcraft  Technology  Inc,  University  of  York,  and  NASA  Ames.  The  embryonic  Industry  activ¬ 
ities  in  rotorcraft  system  identification  arc  covered  in  chapter  3.3. 

3.2.2  Activity  Reviews 

3.2.2. 1  DLR,  Braunschweig  Research  Center 

DER  system  identification  activities  are  concentrated  on  both  fixed  wing  and  rotary  wing  aircraft.  The  close 
contact  between  the  analysts  and  the  common  development  and  improvemenl  of  approaches  and  methods  has 
proved  to  be  very  beneficial.  For  example,  the  321 1  input  signal,  which  has  become  one  of  the  standard  input 
signals  for  identification,  was  originally  designed  for  fixed  wing  aircraft  flight  testing  by  Marchand  et  al.,  ( 1974, 

[3.2.7]). 

The  first  rotorcraft  experience  wa.s  gained  in  the  late  1970s  in  collaboration  with  MB3  using  a  le.sst 
square/instrumental  variable  approach  (Rix  et  al..  1977,  [3.2.8];  Kaletka  et  al.,  1977,  [3.2.9];  Kloster  ct  al., 

1980,  [3.2.10]).  The,  now  classical,  helicopter  identification  problems  were  revealed  •  need  for  accurate  meas¬ 
urements  with  sufficient  data  information  content  in  the  response,  model  structure  aspects  and  careful  test 
conduct  (Kaletka,  1979,  [3.2.1  IJ).  It  was  also  demonstrated  that  the  information  content  of  only  one  maneuver 
with  3  single  control  input  is  not  sufficient  for  the  identification  of  a  coupled  .six  degrees  of  freedom  model 
An  approach  was  developed  that  allowed  the  combination  of  independently  flown  maneuvers  to  increase  the 
data  information  content  and  to  extract  one  common  model.  This  so  called  concatenated  run  evaluation  has 
shown  its  effectiveness  and  is  now  used  routinely  in  aircraft  identification.  With  the  acquisition  of  a  dedicated 
BO  105  by  the  DLR  in  1977  and,  consequently,  an  easy  access  to  appropriate  flight  test  data,  a  standard 
approach  to  identification  evolveu,  covering  instrumentation  and  sensor  calibration,  data  processing  and  state 
estimation,  identificatioo  and  verification  of  rotorcraft  models  (Kaletka,  1984,  [3.2.12];  Holland,  1987, 

[3.2.13]).  Significant  progress  could  be  made  after  three  major  software  developments: 

1.  the  Maximum  likelihood  method  was  extended  for  concatenated  run  evaluation,  > 

2.  a  Maximum  Likelihood  method  for  the  identification  of  nonlinear  systems  was  developed  by  Jategaonkar  , 

et  al.,  (1983  and  1985,  [3.2.14];  [.3.2.15]), 

3.  a  frequency-domain  Maximum  Likelihood  technique  was  developed  (Fu  et  al.,  198.3,  [3.2. 16];  Marchand 
el  al.,  1985,  [3.2.17]). 

Until  recently,  coupled  6  DoF  rigid  body  models  were  used  with  an  equivalent  time  delay  to  approximate  the 
main  rotor  influence.  Such  models  have  been  satisfactory  for  describing  flight  behaviour  below  about  13  rad/s. 

A  principal  application  area  at  the  DLR  is  modelling  to  support  the  BO  105  in-flight  simulator,  ATTHeS. 

Here,  however,  research  has  shown  that  higher  order  models  are  required  for  the  control  system  design  and  that  , 

6  DoF  models  with  equivalent  time  delays  are  inappropriate  for  the  BO  105  (Pausder  et  al.,  1988.  [3.2.18]; 

Kaletka  et  al..  1989,  [3.2.19]),  Thercfcie,  extended  model  formulations  were  developed-  The  present  AlTHeS 
control  system  design  is  based  on  a  model  that  ajiproximates  rotor  characteristics  by  using  the  roll  and  pilch  | 
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accelerations  as  slate  variables.  The  identification  of  this  model  needs  no  rotor  measurements  and  the  result 
showed  a  significant  improvement  in  bandwidth  validity  (Kaletka  et  al.,  1^119,  f.1.2.20]).  ITie  present  work  is 
conceniraled  on  the  extraction  of  higher  order  models  with  explicit  rotor  degrees  of  freedom.  Here,  rotor  blade 
flapping  measurements  were  required,  first  results  arc  discussed  by  I'u  ct  al.,  (1990,  [.1.2.21]). 

As  part  of  a  Memorandum  of  Understanding  (MOU)  on  Helicopter  Flight  Control  between  the  United  iStatcs 
and  Germany,  1)1, R  and  AriiU  have  worked  in  a  close  cooperation  on  identification  research.  The  joint 
evaluation  of  XV- 15  and  BO  105  flight  test  data  by  applying  the  individual  techniques  have  led  to  a  deeper 
understanding  of  the  approaches  and  a  signifietuit  improvement  of  the  methodologies  of  both  research  centers 
(Tischlcr  ct  al.,  1987,  [3.2,22];  Kaletka  et  al ,  1989,  [3.2.19]) 

3.2.2  2  AFDD,  Ames  Reseru'ch  Uenlcr 

ATDIJ  activities  in  rotorcraft  system  identification  have  focussed  on  the  development  of  iionparamctric  and 
parametric  frequency-domain  techniques  since  1983  (Tischier  et  al.,  1983,  [3.2.23]).  I'he  primary  applications 
of  these  tools  have  been  to 

1.  validate  comprehensive  simulation  models  (Tischlcr,  1987.  [3  2.24];  Ballin  c(  al.,  1990,  [3.2.25]). 

2.  document  response  characteristics  of  rotorcraft  with  advanced  flight  control  sy.stems  (Hilbert  cl  al.,  1986, 
[3.2.26];  Tischier,  1987  [3.2  27];  Tischier  et  al.,  1988  [3.2.28]). 

.3.  demonstrate  required  compliance  testing  procedures  contained  in  the  specification  for  military  rotorcraft 
(Tischier  et  al.,  1987,  [3.2.29]). 

Research,  begun  in  1988  (Tischier,  1988,  [3.2-30]),  has  led  to  the  development  of  a  comprehensive  frequen¬ 
cy-response  approach  for  identification  of  rotorcraft  stability  and  control  derivative  models.  Applications  of  this 
approach  to  the  XV- 15  and  HO  105  helicopters  (Tischier  et  al.,  1987,  [3.2  22],  Tischier  et  al.,  1990, 

[3.2.31] ),  has  shown  its  benefits  speciahy  in  model  structure  determination  for  an  accurate  multivariable  fre¬ 
quency-domain  characterization,  such  as  is  needed  in  modem  Multi-Input  Multi-Output  (MIMO)  de.sign. 
Fletcher  of  the  AFDD  has  developed  a  procedure  foi  measurement  system  error  identification  and  state 
reconstruction  using  Kalman  fdter/smoolher  techniques  (Fletcher,  1990,  [3.2.32]).  AFDD  has  worked  in  close 
cooperation  with  the  DLR  in  joint  identification  research  activities  as  part  of  the  Memorandum  of  Under- 
.standing  (MOU)  between  the  United  States  and  Germany  on  Helicopter  Flight  Control.  Comparisons  of 
AFDD  frequency-domain  results  and  DLR  time-domain  results  for  the  XV-15  and  BO  105  aircraft  (Tischier 
et  al.,  1987,  [3.2.22];  Kaletka  et  al.,  1989,  [3.2.191)  has  significantly  improved  the  methods  and  tools  used  by 
both  research  centres. 

The  Al'DD  tools  are  integiated  into  a  software  facility  for  system  identification  CIFER  (Compreliensivc 
Identification  from  FrEquency  Responses),  which  is  described  in  the  literature  (Tischier  et  al.,  1990, 

[3.2.31] ).  This  facifity  is  an  interactive  uscr-orientrd  package  for  the  identification  and  veiification  of  high-order 
coupled  linear  models.  Recent  applications  of  CIFER  to  the  BO  105  WG  data  base  has  yielded  a  high-order 
model  of  the  coupled  body/rotor  flap-lag  dynamics  (Tischier  el  al.,  1990,  [3.2.31])  that  is  accurate  to  frequen¬ 
cies  of  up  to  30  rad/s,  making  it  suitable  for  application  to  high-bandwidth  flight  control  system  design. 

A  key  problem  that  is  being  addressed  by  AI-DD  is  the  formulation  of  higher-order  models  that  represent  ihc 
coupled  body/rotor/inflow  dynamics  in  a  foim  suitable  for  system  identification  research.  FUglits  are  being 
conducted  on  the  NASA/AFDD  UH-60  BlackHawk  to  collect  data  useful  for  this  research  goal.  Also,  ana¬ 
lytical  methods  are  being  used  in  parallel  to  formulate  pararaclric  model  structures  suitable  for  identification. 

3.2.2.3  .ARL,  Melbourne 

'Die  principal  driving  force  has  been  the  development  and  validation  of  adequate  simulation  models  for  rotor¬ 
craft  flight  dynamics.  The  application  has  beneCtted  from  a  wide  experience  gained  with  fixed-wing  aircraft  eg, 
ability  to  analyse  flight  records  not  previously  amenable  to  analysis,  improved  and  quantifiable  accuracy,  the 
provision  of  a  large  amount  of  information  from  a  relatively  smal]  amount  of  testing.  In  addition,  a  range  of 
methodology  techniques  in  stale  and  parameter  identification  developed  for  fixed  wing  applications  are  proving 
usefiil  for  helicopters  e.g.  least-squares  equation  and  output  error  methods,  maximum  likelihood  and  extended 
Kalman  filter.  Current  activities  centre  around  the  analysis  of  flight  data  gathered  on  a  Sea  King  MkSO  (Guy 
et  al.,  1985,  [3.2.33];  Williams  et  al.,  ’987,  [3.2.34]).  A  study  of  the  aircraft's  vertical  re.sponse  in  hover  indi¬ 
cates  the  need  to  include  inflow  and  flapping  dynamics  in  the  model  structure  and  also  to  take  account  of  blade 
flapping  dynamics  (Padfield  (editor),  1989.  [3.2.1]).  The  work  is  being  extended  to  cycUc  and  pedal  responses 
and  forward  flight.  The  approach  being  taken  is  to  study  each  ehennel  separately  in  limited  fliglit  regimes, 
thereby  building  up  a  complete  representation  step  by  step.  Another  activity  involves  identifying  landing  gear 
dynamics  fimm  drop  test  data. 
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Two  pioblems  are  identified,  firstly,  the  lacl:  of  a  well  established  model  structure  and  the  identification  of 
manoeuvres  which  provide  sufficient  information  for  the  accurate  extraction  of  all  the  parameters  of  interest 
within  a  defined  model  structure.  Secondly,  the  application  of  data  compatibility  checking  procedures  appears 
more  difficult  with  helicopters  arising  from  the  coupled  motions  and  generally  noisier  environment. 

3.2.t4  NAE,  Ottawa 

Pioneering  work  in  the  earlier  70s  was  motivated  by  the  design  requirements  for  a  fuU-autliotity,  multi-channel 
autopilot  for  the  Bell  205  airborne  simulator.  Stability  and  control  derivatives  were  estimated,  using  a  modified 
Newton-Raphson  method  for  uncoupled  longitudinal  and  lateral/directional  motions  (Gould  et  al.,  1973  and 
1974,  [3.2.5],  [3.2.6]).  following  this  early  work,  and  to  support  the  establishment  of  a  helicopter  industry  in 
Canada,  a  new  effort  was  made  in  1985  based  on  the  use  of  the  NASA  MM1,E3  (time-domain)  program  at  the 
University  of  Toronto,  and  a  new  series  of  flight  tests  on  the  BeU  205  and  206  helicopters.  ITie  initial  results 
were  promising,  but  indicated  the  need  for  performing  the  flight  tests  under  near  ideal  turbulence  free  condi¬ 
tions.  Preliininaiy  analysis  with  this  lest  data  and  a  6  DoF  linear  model  structure  has  been  published  (Padficld 
(editor),  1989,  [3.2.1]). 

Current  aciwities  involve  a  further  series  of  tests  with  the  Bell  205  with  an  emphasis  on  hover  and  slow  flight 
conditions.  A  joint  project  with  Bell  Helicopter  Teirtron  of  Montreal  is  underway,  in  which  parameter  esti¬ 
mation  techniques  will  be  studied  by  comparing  flight  test  data  obtained  v/ith  the  Bell  206  rvith  computer 
simulations  performed  with  the  C-81  program.  At  the  University  of  Toronto  work  is  in  progress  to  study 
ground  based  helicopter  simulation,  involving  the  comparison  of  flight  test  results  with  the  prediction  of  can¬ 
didate  real-time  simulation  programs. 

A  major  problem  area  is  the  selection  of  model  structures  that  are  as  simple  as  possible  under  the  circum¬ 
stances,  together  with  the  determination  of  suitable  control  inputs  and  measurements  to  evaluate,  in  a  mean¬ 
ingful  way,  the  parameters  defining  that  particular  level  of  mrsdel. 

3,2.2.S  RAE  d  /  University  of  Glasgow 

The  principal  a  UK  research  in  this  Geld  is  to  support  the  development  and  validation  of  predictive  sim¬ 
ulation  models  >'  ''ving  qualities  and  dyoamic  performance.  In  a  collaborative  activity  between  RAB  and 
NASA,  technique  veloped  for  the  RSRA  flight  programme  were  applied  to  RAE  SA-  330  data  to  investigate 
adequate  model  structures  for  low  frequency  dimamic  motions  (4  rad/s)  (Padfield  ct  al.,  1982,  [3.2.35]).  Based 
on  this  initial  experience,  UK  efforts  were  channelled  towards  the  development  of  an  integrated  methodology 
encompassing  state  est  atiiui,  model  structure  estimation  and  parameter  estimation  (Padfield  et  a].,  1987, 

[3.2-36];  Padfield,  198i ,  [3.2.37];  Black  et  al.,  1986,  [3.2.38]),  including  a  frequency  domain  (state-space) 
maximum  likelihood  estimator  (Black.  1988,  [3.2.39]).  Arialysis  in  the  frequency  domain  was  considered 
essential  to  isolate  ..r“cific  modes  of  interest.  A  parallel  activity  focussed  on  equivalent  system  transfer 
function  modelling  (Padfield  (editor),  1989,  [3.2.1];  Houston,  1988,  [3.2.40]).  Appbcalions  of  the  UK  tools 
have  highlighted  a  number  of  issues, 

1.  great  care  needs  to  be  taken  when  model  building  with  equation-error  techniques;  singular  value  decom¬ 
position  techniques  can  increase  confidence  in  identified  parameters  ^Black  et  al.,  1986,  [3.2.38];  Black, 

1987,  [3.2.41]).  • 

2.  including  equivalent  time  delays  in  modei  structures  can  usefully  extend  identified  frequency  lange;  the  i 

method  is  particularly  successful  for  low-offset  articulated  rotor  helicopters  (Padficld  (editor),  1989,  t 

[3.2.1];  Black  et  al.,  1986,  [3.2.38]).  | 

3.  including  cross-coupled  effects  as  pseudo-controls  has  proved  successful  for  helicopters  without  strong  j 

couplings  (Padficld  (editor),  1989,  [3.2.1]).  f 

4.  a  3-degree-of-lteedom  model  is  required  for  vertical  axis  dynamic  behaviour  up  to  about  18  rad/s,  | 

including  inflow  and  coning  dynamics  (Padfield  (editor),  1989,  [3.2. 1]). 

A  central  problem  area  being  tackled  is  the  design  of  effi-rient  and  robust  control  inputs  to  enable  the  identifi¬ 
cation  of  a  large  number  of  parameters  with  confidence.  Current  and  future  efforts  are  focussing  on  the  use  of 
system  identification  in  validating  non-linear  simulation  models  including  blade  clement  rotor  formulations. 

Flight  tests  with  the  RAB  Uynx  in  1990  will  provide  the  test  database  for  this  new  work. 


3.2.2.6  ('KRT/ONKRA  'iouJousc 


A  variety  of  Jifl'crcnt  techniques  have  been  developed  over  the  years,  principally  h)r  application  to  fixed-wing 
aircraft  c.g.  Airbus,  and  a  range  of  industrial  processes.  Recent  involvement  with  rotorcraft  has  been  conducted 
in  collaboration  with  Aerospatiale  (see  chapter  3-3).  Current  concerns  include  the  optimal  sequencing  of  tests 
to  enable  fully  coupled  models  to  be  identified  and  the  correct  use  of  flight  path  reconstruction  results. 

3.2.2.7  Georgia  Institute  of  Technology 

Ilic  motivation  behind  rotorcraA  parameter  identification  research  at  Georgia  Institute  of  Technology,  which 
staned  in  1986,  is  the  development  of  an  accurate  mathematical  model  for  effective  control  system  design  and 
flight  envelope  expansion.  Roth  stochastic  linear  filter  and  extended  K^man  filter  identification  algorithms  are 
in  use.  Results  have  been  obtained  using  simulated  data  (ritzsimons  el  al..  1986,  [3.2.42])  and  UH-60  flight 
test  data  (Fitz.simons  et  al.,  1988,  [3.2.43];  Padfield  (editor),  1989,  [3.2.1])  highligliting  consideration  of  record 
length,  input  frequency  content  and  the  need  for  muht-axis  inputs.  Current  activities  involve  the  application 
of  the  NASA  I^glcy  'regression'  package  to  AH-64  and  BO  105  data. 


3.2.3  f»rncral  Remarks 

jMore  than  10  organisations  in  the  NATO  countries  are  now  practising  rotorcraJl  system  identification  and  have 
access  to  quality  flight  test  data,  A  common  application  area  is  simulation  model  validation,  in  support  of 
control  system  design  work.  Analysis  methods  and  test  techniques  have  been  developed  over  the  last  decade 
that  arc  particularly  suited  to  the  rotorcraft  identification  problem  *  highly  coupled  dynainicb  with  rotor  modes, 
nonlincarities  and  often  significant  mea.surcment  and  process  noise.  Particular  areas  of  concern  gleaned  from 
a  review  of  current  activities  include: 

1.  defining  an  adequate  model  structure  for  particular  applications, 

2.  the  high  level  of  resource/expertise  required  to  design  experiments,  gather  data  and  conduct  identification 
analysis. 

3.  the  uncertainties  in  data  compatibility  checking  in  the  presence  of  unknown  levels  of  measurement  and 

process  noise, 

4.  the  extension  of  linear  parameter  identification  to  the  nonlinear  ease, 

5.  the  extension  of  the  presently  often  used  6  degrees  of  freedom  models  to  higher  order  models  with  rotor 
degrees  of  freedom. 
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3.3  The  Role  of  Industry  ') 


3.i.l  liitroduclion 

llic  ACiARD  Working  Ciroup  18  was  tasked  to  review  the  tnalurily  level  of  sy.stcin  idcntifieatiim  for  applica¬ 
tion  in  the  Rotorcraft  Imlnstry  and  to  make  recommendations  ;n  three  areas. 

1.  Isspertisc  required  to  integrate  mctliodology  into  design  -  dcvelopint  t  -  certification  life  cycle. 

2.  Measurement  and  analysis  techniques  that  offer  cflieicncy,  reliability  and  robustner-s. 

.3.  Identification  and  alleviation  of  limiting  factors  from  an  Industry  viewpoint. 

Although  the  membership  of  WtJ  18  inciudcs  Industry  reprc.scnlativc  from  both  liuropc  (Acior.patialc,  Agiista, 
Mcsscrschmidt-Bolkow-Illohm)  and  the  US  (iVIcIXtnnell  Douglas  Helicopter  C'ompauyh  it  was  considered 
important  that  an  opportunity  be  given  to  other  manufacturers  to  eoinincnt  on  the  utility  of  system  identifi¬ 
cation,  and  particularly  to  draw  attention  to  current  methods  that  system  idcntificatitm  may  augment  or  eren 
replace.  A  Nate  and  Questionnaire  was  protluccd  soliciting  Industry's  views  under  seven  headings. 

1.  Any  experience  of  using  system  Identification  methods?  If  so,  please  give  roference  and 
summarise  main  conclusions.  If  not,  please  tonimetil  on  your  perception  of  the  methodol¬ 
ogy. 

2.  What  techniques  are  currently  used  to  validate  simulation  models  used  In  design  for  per¬ 
formance  and  flying  qualities? 

3.  What  techniques  are  currently  used  to  determine  cause  of  problems  and  correct  deficu-n 
cies  during  flight  lest  development? 

4.  Are  improvemenls  required  in  the  techniques  outlined  in  (2)  and  (3)?  If  so,  please  quantify 
if  possible. 

5.  Provide  example(s)  of  rase(s)  where  the  behaviour  during  fligbl  (esl  deveiuprneni  was 
unexpected  and  required  design  changes.  How  was  the  design  solution  arrived  at  (tech¬ 
nique  rather  than  engineering  aspects)  and  what  part  did  llignt  test  data  and  the  engi¬ 
neering  simulation  model  play  In  the  activity? 

6.  Are  there  any  examples  ol  unresolved  flight  behaviour  anomalies  that  system  identification 
may  be  able  to  shed  light  on  and  that  your  organisation  would  be  prepared  to  release  ttie 
relevant  lest  data? 

7.  Are  there  any  other  comments  that  Industry  wish  to  make? 

Responses  were  received  from  all  eight  major  manufacturers  in  Rurope  and  the  US: 

1  Aerospatiale, 

2.  Agusta, 

3.  Hell  Helicopter  Textron  Inc.  (BH  11), 

4.  Hoeing 

5  Mes.serschmidt-B61kow-Hlohm  (MBB), 

6.  McDonnell  Douglas  Helicopter  Corporation  (MDIIC), 

7.  Sikorsky, 

8.  Westland. 

It  is  clear’  that  there  is  considerable  inteiest  in  tlie  techniques  in  Industry,  balanced  by  a  cautious  scepticism. 
'Tlic  experience  level  is  varied  but  many  common  concerns  and  problem  areas  have,  not  unexpectedly,  been 
identified.  'I'his  section  reviews  the  responses  in  more  detail  and  draws  conclusions  where  possible  and  makes 
recommendations  for  next  steps. 

I>irecl  quotations  from  the  Industry  responses  are  included  in  ttoUa. 


Principal  author;  G  I).  Padfield,  R/.  li 
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2.3.2  InJiistry  Response 

3.3.2. 1  Question  I  -  Kxpeeieiiec  and  IVreeption 

Ills  question  wa.s  sinicd  at  estaiilisliiiiK  tile  experience  level  within  the  inanul'acturinR  iiidu.stry  and  thcLv  per¬ 
ception  of  the  maturity  and  potcnrial  of  the  technique.^.  The  lesponscs  are  summarised  a.s  follow.s. 

1.  A^rospaiiule 

r.arly,  limited  experience  on  SA3210  (197.3),  but  more  recently  a  joint  activity  ha.s  been  conducted  with 
(il'.R'r/ONp.RA,  with  Aero.spatialc  responsible  htr  the  lliglit  test  d.ata  .and  (M-'.R  T/f^Nr.R.A  for  the 
ticseloptncnt  and  validtilion  of  time  domain  idcntiRcation  tool.s.  Aerospatiale  have  drawn  some  early 
conclusion.s: 

•  higli  quality  measurements,  careful  testing  and  test  time  durations  in  opposition  with  the  require, 
nient  for  short  tligln  lest  dcvelopnicnt, 

•  identified  linear  model.s  not  as  useful  for  valiilating  and  improving  sinrulation  models  as  expect:  d. 

«  identified  linear  model.s  good  Lt  mid  .speed  range  (70-110  kn).  but,  at  hig!,ci  or  lower  .speeds,  tests 

are  f:n  more  difllcult  and  results  of  poorer  quality. 

2.  Agus;a 

(iurrcntly  use  time  domain  Icii.st-squ.arcs  tcchiaquc  to  minimi.sc  error  between  flight  test  and  .siiiiuUrion, 
computed  by  nonlinear  .ARMCiOP  model.  A  constrained  subset  of  clfcctivc  configni.ition  parameters  are 
derived  for  each  fliglit  condi'ion  e  g.  geometric  and  atrodynamic  charaetciistics  of  vehicle  components. 
Method  has  been  applied  to  A 109  and  SA  331)  (WXi  18)  fliglil  ’cst  data. 

3.  Reli  Helicopter  Textron  Inc.  (BTITI) 

I'orcc  detennination  methods  arc  used  by  structural  dynamics  groups  c.g  206  I  .M  pylon  loads,  A1I-1V\' 
tail  rotor  gearbox  loads.  No  formal  Sy.stciti  Identification  methods  iis.’d  in  iiandling  qualities  gioup.s.  I  he 
fiystcin  Identification  field  has  not,  in  our  judgement,  reached  the  same  level  of  maturity  as  force  deter¬ 
mination  as  evidenced  by  the  lack  of  validated  software.  1110  helicoptci  irdustry  lack.s  evidence  of  the 
capability  uf  the  methods  when  used  in  design  g’.iidanre  or  fligl.t  lest  problem  concctivrn. 

4.  Boeing 

C'unently  two  activities; 

1)  Use  of  I  Rl'.'triD  (US  Anny  I'requency  domain)  technique  on  AUUC.S  to  document  the  closed 
looii  comrnand/rcsoonsc  (conducted  July  198-8)  at  hover  and  80  kn.  Clo.sc  correlation  between  flight 
test  and  .analytical  predictions  of  Bain  and  pfiase. 

2)  Devciopment  of  time  domain  maximum  likelihood  e.stiniat'on  (Ml.ll)  and  Orlhogonalised  Pro¬ 
jection  listiination  (Ol’iv)  algoritliir.s  for  stability  and  control  dcrivalivu  ider. dfication.  1  he  MI  li 
ajqiroach  is  oroving  more  robust. 

Hoeing  cuiTcntly  perceive  a  Irade-trff  with  die  two  approaches; 

1)  dv'es  iK't  require  a  defi:ied  model  .structure  and  is  tailored  fer  single  inj^nt  systems  while 

2)  requires  a  pre-detetmined  model  structure  and  can  handle  multiple  infrut/oulpul  systems. 

5.  Mc.ssersehrnidl-BdlkoK-Blohm  (iMBB} 

.\  joint  activi'y  between  MHU  and  Ol.R  (Hraunschweig)  began  in  1977.  Two  phases,  both  with  a  fly¬ 
by-wire  RO  105,  coverer!  70  kn  .md  extended  flight  envelope  conditions  respectively  (Rix  et  a]..  1977, 
[3.3.  ij;  Klo.stci  ct  al.,  1980,  [3.3.2]"i.  Plight  data  problems  included  vibration,  speed  signal  drift  and  poor 
accuracy  of  linear  accclcratiuiis.  Data  were  filtered  to  sup|>iess  rotor  system  dynanucs  Time  history 
comparisens  between  fliglit  .1  theory  were  good  but  derivatives  were,  .sonictunes  poor. 

6.  McDonneli  Dougins  Helicopter  Company  (MDHC) 

C urrently  utilise  both  Ml.F,  and  basic  Output  Error  (OJ.)  methods  with  tradc-ofl  titnt  OE  is  pool  w :  en 
pro.ess  noise  c.'ccseive  and  MEE  more  difficult  to  implement  and  ci.nverge  to  a  solution  Applicistion 
area  is  fliglit  simulation  model  validation.  MDUC  have  a  very  positive  appn  .ich  to  the  incfliodology: 
System  tdentijlcation  techniques  are  the  most  logical  cod  systemoLic  mean',  for  vnltdativii  and 
upgrade  o]  our  modelling  software,  it  Is  planned  to  extend  tiieir  appllcaticn  to  linear  handling 
qualities  .models  and  aei  odynamU/Performance  models. 
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I.  Sikonky 

Sikorsky  Invested  slgnljicant  effort  tn  helicopter  parameter  identtftcatton  In  the  early  7B's 
during  the  period  of  time  that  John  Holusts  and  Ray  Nansen  uere  employed  here.  Parameter  iden- 
tlftcotton  techniques  provide  the  possibtltty  of  extracting  physically  meaningful  parameters  from 
flight  fnsf  data.  7he  premise  is  that  these  fllght-test-dertved  parameters  may  provide  insight 
toward  a  better  understanding  of  helicopter  flight  dynamics,  provide  a  means  of  validating 
existing  simulations  tn  both  the  time  and  frequency  domains,  and  provide  a  validated  model  for 
use  in  design  and  development  (e.g.  AfCS  development) . 

Much  of  the  work  done  by  Holusts  and  Hansen  during  that  time  is  In  the  public  domain.  After  a 
significant  expenditure  of  time  and  effort  however,  tt  became  obvious  that  the  derived  parameters, 
while  able  to  reproduce  time  histories  accurately,  were  physically  meaningless  (had  the  wrong 
signs,  for  example).  This  led  to  a  period  of  disenchantment  with  parameter  identification  methods 
at  Sikorsky. 

More  recently,  Sikorsky  has  ut Hi  red  frequency  domain  methods  (nonparametric  identification)  with 
some  success.  The  Technical  Fvoluatlon  Program  (TtP)  on  the  CN-5JF  helicopter  Involved  approxi¬ 
mately  Ui  hours  of  flight  testing  to  validate  the  stabtitty  characteristics  of  the  aircraft  when 
flying  with  external  loads.  These  data  hove  been  used  to  validate  the  SiNHiL  model  in  the  fre¬ 
quency  doeuin.  The  result  of  this  work  is  proprietary  at  this  time,  but  a  description  of  the 
program  and  some  results  were  presented  by  Steve  Hong  at  the  1989  AHS  Annual  Forum  in  Boston 
(kopltta  et  al.,  1989,  [3.3.3]i.  At  this  time  we  feel  comfortable  tn  applying  frequency  domain 
methods  and  now  use  it  routinely  with  stmulotton.  The  new  Handling  Ouollttes  Specifications,  of 
course,  make  its  use  mandatory  tn  order  to  show  compliance  with  some  ports  of  the  specification. 

There  was  an  attempt  at  applying  the  modified  ‘pFsf  parameter  estimation  code  (Hurray,  1987, 
[3.3.5]}  to  flight  test  data,  but  it  did  not  give  satisfactory  results  and  has  been  alsconttnued. 
At  this  time,  based  on  our  experience,  no  parameter  identtftcatton  code  ts  available  that  ts 
robust  and  mature  enough  for  Industry  use. 

8.  H'estbuid 

No  spcciiic  CApcriciiCv  iuCuliOcu  that  haS  b^cn  CuitiCtvusiy  iuuughi  vj  US  sysieiii  ideni  ij  icui  ion,  as 
promulgated  in  learned  publications.  Westland  do,  however,  offer  a  slirewd  perception  on  the  merits 
of  system  identification: 

The  methodology  Is  perceived  as  providing  a  mechanism  for  reproducing  a  porttculor  phenomenon 
under  a  particular  set  of  circumstances  but  without  necessarily  advancing  the  understanding  of 
the  phenomenon  ...  Such  an  understanding  forms  the  basis  of  any  sound  solution  to  real  life 
engineering  problems.  In  most  Instances,  the  more  Intractable  problems  either  involve  a  large 
number  of  variables  or  ore  highly  nonlinear  or,  more  often,  both.  Under  these  ciremstances, 
spurious  values  are  possibly  attributed  to  those  parameters  which  are  included  In  the  model  os 
compensation  for  any  shortcomings  In  the  postulated  sfruefure  of  the  model.  A  good  fit  obtained 
for  one  condition  may  not  be  valid  for  other  conditions.  The  Westland  view  here  perhaps  echoes 
the  concerns  of  many  in  Industry  who  feci  that,  in  the  eatieme,  the  tools  are  inappropriate.  Westland  go 
further  and  underscore  their  scepticism, 

Any  success  Is  related  to  engineering  experience,  flair.  Judgement  and  understanding  of  the 
physical  factors  Involved  and  which  underiy  the  proposed  model  structure  rather  than  any 
sophlst’cated  sj  tern  identtftcatton  methodology. 

J. i.2.2  tjuallon  2  -  Tedmlquea  For  Simulation  Model  ValMalion  In  Design 

The  validation  of  simulation  models  used  during  the  design  of  a  new  type  is  seen  by  WG  18  as  a  critical 
application  area  for  sy.stem  identification.  Techniques  currently  used  by  Industry  need  to  be  understood  to 
provide  the  foundations  on  which  the  new  methodology  could  be  built- 

I .  Airospatlak 

Principal  method  is  through  comparison  of  measured  and  calculated  data  for  trim  and  dynamic  response. 
For  the  latter,  the  method  only  applies  to  short  runs  because  any  tiim  errors  soon  integrate  to  significant 
attitude  differences  in  the  simulation  For  similar  reasons,  the  response  to  high  ftequency  inputs  are  dif- 
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2.  Agusta  , 

Model  validatiiin  ia  derived  from  comparison  between  flight  test  and  simulator  time  histories;  improve- 
ments  are  achieved  through  parameter  modification,  constrained  by  a  physical  understanding  of  the 
problem. 

3.  BeU  HeJicopter  Textron  Inc.  ( BHTI) 

No  input 

4.  Boeing 

Both  time  and  frequency  domain  methods  are  used  to  conduct  validation  of  6  DOl-  models  against  higltcr 
order,  non-real-tiine  models  and  flight  test  data.  In  the  time  domain,  dominant  mode  frequencies  and 
dampings  are  derived  from  step  responses.  The  ADOCS  activity  was  an  eaception,  where  gain  and  phase 
of  the  frequency  responses  were  matched. 

5.  Messerschmidt-BSlkoiif-Blohm  <MBB) 

('otnparison  of  simulator  and  flight  lest  data  for  irim,  loads,  perfonnanee,  stability  of  aircraft  and  rotor 
modes  and  vibrations  througliout  the  flight  envelope  forms  the  principal  method,  linearised  stability  and 
control  derivatives  have  been  more  dilTicult  to  obtain  with  confidence.  The  most  significant  damping, 
control  and  cross  coupling  derivatives  are  obtained  by  matching  low  order  equivalent  systems  and  the  test 
data. 

<  .  McDonnell  Douglas  Helicopter  Company  (MUHC) 

"llirce  Iccliniques  currently  in  use, 

•  adjustment  of  preselected  model  parameters  to  satisfy  pilot  perception  of  differences  between  simu¬ 
lator  and  representative  aircraft  response  e.g.  lime  constants  in  dynamic  inflow  model. 

•  comparison  of  trims  and  response  to  control  inputs. 

•  flight  measurements  together  with  (Kalman  filter)  estimated  aircraft  .states  are  used  to  drive  the 
simulation  model  in  a  wind  tunnel  mode  to  determine  the  aerodynamic  loads.  System  identification 
method  used  to  model  the  aerodynamic  loads  on  various  components  e.g,  main  rotor,  horri.ontal  tail 
etc.. 

7.  Sikorsky 

Comparisons  of  steady  state  trims,  time  and  frequency  domain  control  responses. 

8.  fT'esliand 

Comparison  with  flight  test  data  for  trim,  transient  response  to  control  and  gain  and  phase  relation.ships 
acros.a  various  components  of  the  total  system  loop.  Engineering  judgement  is  used  to  assess  acceptability 
of  comparisons. 


ficult  to  analyse  Aerospatiale  stress  that  they  consider  these  methods  insufTicicnt  The  direct  comparison 
method  used  for  model  validation  Is  not  sufficient,  especial ly  when  the  i ange  of  frequencies  used 
by  the  pilot  are  considered,  frequency  domain  Identification  seems  to  be  a  more  Interest Ing  tool 
in  this  area. 


Comments 

The  emphasis  in  the  question  was  on  the  validation  of  models  used  in  design.  Industry  responded,  without 
er.ception,  by  referring  to  comparison  with  (light  lest  data  which,  of  course,  is  generally  not  available  during 
the  design  process.  It  has  to  be  assumed  therefore  tliat  Industry  consider  that  a  simulation  model  can  only  be 
validated  once  test  data  becomes  available  i.e.  aflcr  the  aircraft  has  been  built  and  flown. 

3.3.2.3  Question  3  -  Techniques  For  ProUeni  Salving  During  Flight  Test  Development 

Achieving  performance  and  flying  qualities  standards  and  rcqiiiremenls  early  in  the  flight  test  programme  is  rare 
and  has  probably  never  been  realised  in  practice.  Highly  skilled  resources  are  often  requii  ed  to  resolve  problems 
and  the  resulting  re-design  and  repair  work  can  be  time  consuming  Both  the  manufacturer  and  potential  cus¬ 
tomer  will  press  for  efficient  resolution.  Again,  it  was  important  that  WG  18  pay  cognizance  to  the  established 
successful  methods;  it  is  assumed  that  problems  have  not  been  predicted  at  the  design  stage. 
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1.  AirospatUde 

Currenlly,  dynamic  stability  of  the  bare  airframe  presents  the  major  handling  qualities  problem  to  be 
solved  during  flight  test  development,  to  ensure  an  acceptable  safety  level  in  the  case  of  autopilot  failure: 
It  (dynamic  stability)  is  the  more  acute,  as  simulation  is  only  valid  to  compare  configurations 
but  does  not  provide  an  accurate  estimation  in  this  field.  AHospatialc  search  for  solutions  to  sta¬ 
bility  deficiencies  by  modifying  the  fuselage/empcnnagc  design  and  initially  rely  on  the  experience  of  pre¬ 
vious  cases.  When  this  is  insufficient  the  phenomena  are  explored  at  model  scale  in  the  Marignane  wind 
tunnel;  eventually,  solutions  found  in  the  wind  tunnel  are  tested  in  flight 

2.  Agusta 

Personal  experience  is  currently  used  to  solve  problems. 

.1.  Belt  Helicopter  Textron  Inc.  (BHTl) 

No  input 

4.  Boeing 

Typically,  when  problems  occur  at  flight  test,  simulation  models  with  increasing  degrees-of- 
freedom  are  used  until  the  problem  is  predicted.  If  still  unresolved,  the  situation  is  re-examined  with 
respect  to  modelling  adequacy  and  missing  elements. 

5.  Me.sserschmidt-Bblkow-Btohm  (MBB) 

Similar  techniques  used  as  for  question  2.  The  substantiation  of  flying  qualities  and  flight  per¬ 
formance  at  critical  loading,  atmospheric,  and  flight  conditions  has  to  be  proved.  Modern  ana¬ 
lytical  methods  are  able  to  cover  a  majority  of  these  aspects,  but  in  extreme  conditions  at  the 
boundary  of  the  flight  envelope,  tests  are  still  necessary.  Included  in  the  list  of  test  conditions 
provided  by  MBB  are  role  related  flying  tasks.  The  information  provided  reflects  a  systcrn.atic  approach 
to  establishing  substantiation  and  the  identification  of  problems  but  says  nothing  concerning  method.s  for 
cause  and  correction. 

6.  McDonnell  Douglas  Helicopter  Company  (MDHC) 

Principal  method  used  to  determine  problem  areas  is  close  scrutiny  of  flight  test  data.  More  ba.sic  research 
is  required  in  the  area  of  control  input  design  to  support  this  process. 

7.  Sikorsky 

More  flight  testing  combined  with  simulation. 

8.  Westland 

A  central  and  signific.ant  activity  in  the  Westland  approach  is  examination  of  flight  data  for  conformation 
of  tne  flight  crew's  qualitative  reporting  of  the  handling  issue  and  hence  a  definition  of  the  problem. 
Possible  explanations  are  formulated  but:  a  major  difficulty  is  being  able  to  Incorporate  the  various 
pieces  of  information  into  a  form  which  Is  compatible  with  the  mathematical  model,  e.g.  nonlin- 
earltles  In  the  power  servo,  and  'engineering  Intuition'  Is  required  to  devise  an  appropriate 
model  structure.  Once  a  physical  understanding  is  achieved,  design  modifications  are  modelled 
and  assessed  leading  to  a  preferred  solution.  The  approach  highlights  the  craft-like  nature  of 
modelling  to  solve  flight  dynamic  problems  and  emphasises  the  fact  that  problems  stem  from  unexpected 
situations  and  are  always  absent  in  the  design  model. 

3.3.2.4  Question  4  -  Improrixnents  Required 

A  particular  concent  to  WG  18  was  whether  Industry  could  clearly  perceive  what  improvements  in  the  tech¬ 
niques  addressed  were  required 

1.  Aerospatiale 

Systematic  approach  to  modifying  fuselage/etnpennage,  outlined  in  the  answer  to  question  3  breaks  down 
when  a  reference  aircraft  case  docs  not  exist  and  then  the  objectives  of  the  tunnel  tests  are  more  diflicult 
to  define.  Simulation  could  help  to  establish  the  minimum  aerodynamic  characteristics  of  the 
fuselage/etnpennage  leading  to  acceptable  stability,  but  this  would  need  improved  simulation 
models. 
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2.  Mgusia 

A  quantitative  method  is  caJled  for  to  improve  both  model  validation  and  flight  test  activities.  Identifi¬ 
cation  methods  can  gtve  an  estimate  of  the  quality  of  the  mathematical  model  through  the  cost 
function  value, 

.1.  Bell  Helicopter  Textron  Inc.  (BHTi) 

No  input 

4.  Boeing 

Three  areas  are  addressed 

•  need  for  a  practical  method  of  directly  mapping  transfer  function  models  to  state  space  form  and 
hence  derivatives, 

•  improved  and  dedicated  fliglit  experiments, 

•  methods  whtch  Incorporate  Kalman  f liters f observers  should  be  expanded  (Improved)  to  bridge 
the  gap  between  required  signals  and  sensor  availability. 

5.  Messerschmidt-BSlkoi-.-Blohm  (MBB) 

A  standardised  identification  procedure  for  the  complete  set  of  stability  and  control  derivatives  is  neces¬ 
sary. Wost  applications  for  these  results  are  validation  of  linearised,  flight  mechanical  computer 
codes  and  support  In  the  design  of  electronic  augmentation. 

6.  McDonnell  Douglas  Helicopter  Company  (MDHC) 

Ihe  Company  considers  that  its  approach  is  a  correct  and  adequate  one  and  that  ful  ly  exercising  the 
methods  outlined  in  (the  response  to)  Question  2  should  lead  to  o  valid  simulation  model,  l-orflight 
test  development,  it  is  recognised  that  more  work  needs  to  be  done. 

1.  Sikorsky 

Reductions  in  flight  time  will  be  directly  proportional  to  confidence  in  the  validated  model. 
Ideally,  a  dependable  parameter  identification  procedure  for  rotorcraft  should  be  one  of  the 
procedures  used  routinely  for  validating  simulation  models. 

8.  Westland 

Following  areas  arc  cited  as  cjuunples  where  current  practice  could  be  improved. 

•  unproved  occurance  reporting, 

•  enhanced  data  gathering,  particularly  in  rotating  system 

•  improved  information  about  amplitude-conscious  non-  linearities, 

•  extension  of  frequency  domain  methods  to  multi-input, 'multi  output, 

•  improved  information  about  choice  of  frequency  domain  inputs  e  g.  manual  or  auto  sweeps, 
Schroedcr  phased  signals, 

•  extension  of  frequency  domain  methods  to  higher  frequencies 

3.3.2.5  Question  5  -  Examples  Of  Unexpected  Behaviour  Requiring  Design  Changes 

1.  Airospatlale 

see  (Roesch  et  al.,  1981,  [3.3.4]). 

2.  Agusta 
No  input 

3.  Bell  Helicopter  Textron  Inc.  (BHTI) 

No  input 

4.  Boeing 

Experience  reported  regarding  the  AIJOCS  development  -  Flight  test  data  from  step  disturbance 
Inputs  were  examined  and  compared  to  both  6  OOF  and  23  (KF  model  predictions.  .Some  of  the  problems 
relating  to  unexpected  time  delays  were  Identified  with  the  lower  order  model;  other  responses 
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due  to  coupled  rotor/fuselage  effects  Kere  identified  ulth  the  higher  order  model.  In  addition, 
both  models  were  used  to  design  lead  compensation  to  further  Improve  stability,  gain  and  phase 
margin  characteristics. 

5.  Messerschmidt-BSlkow-Btohns  (MBB) 

For  the  BKI 17  prototype,  dertciciicics  occurred; 

•  tail  sliake  In  descending  flight  -  eliminated  by  fitting  of  hub  cap  and  removal  of  aft  fuselage  spoilers 

•  early  tests  showed  weak  directional  stability  at  high  speeds  and  climb  rates.  A  refined 
analytical  study  and  dynamic  pressure  measurements  In  the  tall  area  region  showed  that  on 
Improvement  of  the  static  lateral  stability  and  dihedral  stability  could  solve  the  problem; 
the  end  plate  configuration  was  changed  by  increasing  the  area  and  shape. 

In  general  it  is  difficult  to  model  interference  effects  and  also  the  nonlinear  aerodynamic /dynamic  effects 
on  a  blade  (flutter,  dynamic  stall,  J-dlmensional  effects  on  future  blade  tips). 

6.  McDonnell  Douglas  Helicopter  Company  (MDHC) 

Flight  tests  on  YAH-64  with  T-tail  cenfiguration  revealed  unexpected  problems  e  g.  nose-up  altitude  at 
low  speed/climb,  sudden  forward  trim  changes  when  accelerating  from  hover  to  high  speed.  I  he  simu¬ 
lation  model  played  a  key  role  in  redefining  the  tall  with  a  scheduled  stabllator  and  Increased 
capacity  tail  rotor.  Powered  wind  tunnel  data  were  made  available  to  model  the  main  rotor  to  toll 
surface  aerodynamic  interference . 

7.  Sikorsky 
No  input 

8.  Westland 

'Ibree  areas  have  been  identified: 

•  The  accurate  retrlimlng  of  a  helicopter  to  a  desired  airspeed  with  an  attitude  hold  term 
within  the  .ASE.  This  was  addressed  by  applying  reasoned  changes  to  the  A.SE  tn  the  flight 
development  programme  and  by  education  of  the  long  time  constant  nature  of  the  airspeed 
response.  The  inability  to  reproduce  the  original  extent  of  the  problem  in  the  simulator 
was  attributed  in  part  to  the  'cltntcol'  simulator  environment. 

«  A  persistent  poorly  damped  small  oset Hatton  tn  roll  on  a  hingeless  rotor  under  development 
was  Investigated  by  the  tn-fllgbt  testing  of  AfCS  modifications  leading  to  an  operating 
technique  which  reduced  the  effect  without  entirely  eliminating  tt.  Although  a  number  of 
relevant  design  parameter  changes  were  simulated,  the  vortatton  In  this  phenomenon  over  the 
speed  range  could  not  he  satisfactorily  reproduced  to  form  a  basis  for  recommending  design 
modification. 

•  Pitch  up  to  the  low  speed  flight  envelope  due  to  wake  Impingement  on  the  (all  cone /tot  Ip  lone 
which  was  significantly  greater  than  prediction.  This  was  addressed  by  flight  testing 
mechanical  modifications  to  the  helicopter. 

3.3.2.6  Question  6  -  Unresolved  Flight  Bdtavlour 

This  question  was  intended  to  give  Industry  the  opportunity  to  identify  any  outstanding  handling  problems 
which  might  be  tackled  (by  a  future  WG?)  using  system  identification  methods.  No  specific  examples  were 
identified  but  two  areas  where  identification  may  prove  useful  were  highlighted  -  the  determination  of  main  and 
tail  rotor  thrust  (Agusla)  and  the  estimation  of  wake  (effects)  parameters  in  main  rotor  flapping  models. 

3.3.2.7  Question  7  -  Comments 

'lliis  question  provided  an  opportunity  to  address  issues  or  concerns  not  covered  by  the  specific  questions, 
llitec  of  the  US  manufacturers  responded  with  positive  and  optimistic  comments.  The  main  comments  were: 

1.  AdrospatUUe 

(No  comments). 


2.  Agusla 

(No  comments). 

3.  Bell  HeUcopttr  Textron  Inc.  (BHTl) 

We  encourage  both  the  development  of  algorithms  and  validation  of  the  technique. 

Bli  ri  went  further  and  rccoinmcnded  a  se<)uenced  evaluation  of  emerging  algonthms  in  estimating  sta¬ 
bility  dciivativcs  from  time  liistory  data.  Credibility  in  the  methods  could  be  established  by  a  step-by-step 
demonstration  using  linear  simulation  data,  nonlinear  sunulation  data  and  corrupted  simulation  data. 

4.  Boeing 

As  system  Identification  techniques  Improve,  they  Mill  become  an  Integral  part  of  handling 
quality,  optimisation  and  flight  testing 

5.  Messerschmidt-BSlkow-Blohm  (MBS) 

In  their  rcsptrnsc  to  the  question,  MBB  re  iterated  the  range  of  potential  application  areas  addressed  by 
the  questionnaire,  but  also  suggested  that  the  methodology  could  raise  the  confidence  of  certification 
authorities  to  theoretical  results  (certification  phase)  to  allovr  acceptance  of  larger  theore¬ 
tical  extrapolation  vtlth  respect  to  the  whole  weight,  atmosphere  and  temperature  regime  and  a 
reduction  of  dangerous  flight  tests  (e.g.  engine  failure) .  MBB  completed  their  response  by  stating 
that  the  methodology  would  be  used  If  it  has  advantages  to  the  currently  practised  flight  test 
procedures  with  respect  to  costs,  accuracy,  test  time  and  handling  and  that  it  was  important  that 
companies  understand  the  limitations  of  the  methods  in  terms  of  frequencies,  stability  levels 
and  flight  conditions. 

6.  McDonnell  Douglas  Helicopter  Company  ( MDHC) 

HDHC  is  moving  aggressively  to  Implement  system  tdentlflcatlon  techniques  In  linear  handling 
qualities  and  nonlinear  flight  sinulatton  models  and  also  tn  other  applications  where  modelling 
paraveters  are  not  adequately  quantified. 

7.  Mkorsky 

Improvements  are  necessary  which  account  for  the  Inherently  more  complex  nature  of  the  rotorcroft 
system.  The  rotorcroft  comuntty  has  recently  made  large  advances  in  parameter  Identification 
methods  os  applied  to  helicopter  flight  dynamics.  (Kaletka  et  al.,  1989, [.3. 3. 6]  )  Thts  research  and 
development  work  needs  to  be  matured  and  transferred  to  Industry.  Sikorsky  intends  to  pursue  this 
area  of  Investigation,  using  Us  experience  based  on  the  CH-53C  flight  test  program. 

8.  Westland 

(No  comments). 


3.3.3  Concluding  Remarks  and  Recommendations 

Tliis  section  has  presented  in  condensed  form  the  response  by  helicopter  manrjfacturers  to  a  questionnaire 
relating  to  the  work  of  AGARD  WG  18  -  rotorcraft  system  identification.  Tlie  questioimaiie  called  for  infor¬ 
mation  on  Industry's  experience  with,  and  perception  of,  the  methodology  and  a  description  (and  limitations) 
of  current  methods  used  to  identify  and  cure  (handling  and  control)  problems  in  design,  development  and 
certification. 

ITie  eight  major  manufactuiers  in  Buropc  and  the  US  responded  and  the  following  general  points  can  be 
made: 

1.  Current  experience  with  system  identification  in  Industry  is  limited  but  will  increase  when  maturity  levels 
grow  and  limitations  are  chrarly  defined. 

2.  H  is  vita!  to  appreciate  that  system  identification  methods  arc  no  substitute  for  understanding  physics  of 
fliglit  behaviour. 

3.  In  the  areas  of  model  validation  and  trouble  shooting  during  flight  test  development  a  strong  reliance  is 
placed  on  experience  and  engineering  judgement  in  the  interpietation  of  anomalies  between  simulation 
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and  lest  time  histories,  rime  history  comparison  stands  out  as  the  most  common  practice  for  information 
gathering. 

4.  Complete  sets  of  stability  and  control  derivatives  (for  AFCS  design)  are  not  obtainable  from  test  data 
with  confidence. 

5.  The  Industry  responses  have  emphasised  the  crafl'like  nature  of  modelling  rotorcraft  flight  dynamics  and 
the  need  for  system  identification  tools  to  be  compatible  with  this  approach. 

6.  Witliin  the  framework  of  system  identification,  the  concept  of  model  structure  adequacy  would  appear  to 
be  the  must  familiar  and  important  in  Industry.  Methods  that  provide  clear  insight  into  this  area  should 
be  given  priority. 

7.  Many  of  the  flight  dynamics  examples  provided  by  Industry  could,  potentially,  have  been  explained  using 
system  identificatioti.  techniques. 

The  generally  positive  response  from  Industry  has  provided  additional  impetus  and  urgency  to  the  work  of 
WG  1 8.  'Ibe  fact  that  Industry  appear  to  have  got  by  without  system  identification  so  lar  docs  not  reduce  the 
scale  of  the  effort  required  to  increase  the  efficiency  and  robustness  of  the  methods.  Projects  of  the  future, 
entirely  reliant  on  active  control  for  safe  fligltt,  will  require  that  handling  and  conln^l  be  the  foremost  design 
driver.  Design  simulation  models  will  need  to  be  considerably  more  accurate  than  is  normally  the  ease  today; 
flight  lest  techniques  for  handling  qualities  will  need  to  be  carefully  derigned  for  efficiency.  Sy.stem  identification 
methods  will  need  to  play  a  key  role  in  supporting  the  design  -  certification  life  cycle  of  these  new  types. 
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3.4  AGARD-Related  System  Identification  Activities^) 


The  AGARD  I'light  Mechanics  Panel  (FMP)  is  one  of  the  four  original  Panels  established  in  1952.  As  ori¬ 
ginally  conceived,  the  Panel's  primary  focus  wa.s  on  flight  lest  problems.  One  of  the  very  first  activities  was 
related  to  flight  test  problems  and  future  test  requirements  of  primary  interest  to  the  member  nations,  leading 
to  the  publication  of  the  AGARD  Flight  Test  Manual  (1952  -  1959,  [.V4.I]).  The  importance  of  extracting 
flight  vehicle  stability  and  control  parameters  from  flight  tests  has  been  discussed  at  a  I'light  Mechanics  Panel 
meeting  in  Paris  as  early  as  195P  (leblanc,  [3.4.2];  Zbrozek,  [3.4.3];  Huff,  [3.4.4];  lenigk,  [3.4.5]).  Classical 
methods  of  parameter  estimation  had  already  been  integrated  in  the  second  Volume  tif  the  AflARD  Fliglit 
Test  Manual.  Additional  general  considerations  including  practical  aspects  have  been  published  in  an  AGARD 
report  (Wolowicz,  1966,  [3.4.6];  Pere,  1966,  [3.4.7]  Bums,  1966,  [3.4.8])  and  in  conference  proceedings  (1966, 
[3.4.9]). 

Special  reference  should  be  made  to  the  Conference  Procedings  of  a  F'MP  Specialist's  Meeting  on  Methods  of 
Aircraft  State  and  Parameter  Estimation  held  at  NASA  Langley  Research  C'enter  in  November  1975  [3.4.10]. 
Ihis  was  the  first  Flight  Mechanics  Panel  interdisciplinary  meeting  of  its  kind  to  be  organized  for  fliglit  test 
engineers  and  pilots,  handling  qualities  and  simulation  experts  plus  aircraft  and  control  system  designers  to 
share  their  understanding,  knowledge  and  experience  in  the  area  of  aircraft  system  identification.  It  was  dem¬ 
onstrated  that  conventional  (e  g.  fixed-wing)  aircraft  system  identification  methods  have  been  successfully 
applied.  But  it  became  also  apparent  from  special  helicopter  contributions  (Gould,  1975,  [3.4.1 1];  Molusis, 
1975,  [3.4.12])  that  rotnreraft  parameter  identification  is  a  much  more  complicated  task  mainly  due  to  strong 
rigid-body  and  rotor  coupling,  rotor-induced  measurement  noise  and  the  inherent  instability  of  these  vehicles 
(Hamel,  1976,  [34.1,3]).  As  a  direct  outcome  from  this  Specialist's  Meeting  a  latcture  Scries  (i2?-l04)  on 
Parameter  Identification  was  organized  by  the  FMP  at  two  locations  (fTclft  and  laindon)  in  1979  (Hamel 
(editor),  [3  4  14]).  A  first  critical  rssessment  of  international  experience  in  rotorcraft  idcntificai  m  so  far  was 
given  (Kaletka,  1979,  [3.4.15]). 

In  the  mean-time  the  I  light  Mechanics  Panel  sponsored  major  revisions  and  additions  to  the  AGARD  Flight 
Test  Manual  since  1968  leading  to  the  current  series  of  volumes  in  the  two  AGARDographs  Flight  Test 
Instrumentation  (AG-160,  1972  -  1978,  [3.4.16])  and  Flight  Test  Techniques  (AG-300,  1983  -  1988,[3.4.17]  ). 

Within  the  AG-300  scries  a  special  volume  on  Ideniiftcation  of  Dynamic  Systems  tvas  prcparc’d  in  1985  on 
request  of  the  F'MP  which  addresses  the  parameter  identification  methodology  in  a  more  systematic  and  generic 
way  (Maine,  lliff  [3.4.18]).  Related  practical  aspects  are  documented  in  another  volume  Application  to  Aircraft. 
Part  /.  The  Output  Error  Approach  by  the  same  authors  (Maine,  lUfI,  1986,  [3.4.19]). 

Only  extremely  limited  further  rotorcraft  system  identification  related  AGARD  publications  became  available 
(Kaletka  et  al.,  1983,  [3.4,20];  Padfield,  1985,  [3.4.21];  TiscUer  et  al  ,  1986,  [3.4.22])  since  the  AGARD 
Working  Group  WG18  on  Rotorcraft  System  Identification  has  been  set  up  by  the  Flight  Mechanics  Panel. 
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4,  AGARD  Working  Group  Data  Base^) 

4.1  Introduction 

A  prerequisite  to  perforin  tlie  work  on  (lelicopter  p.^raineter  identification  in  tlie  Working  Ciroup  so  that  the 
obtained  results  can  be  compared  is  the  selection  of  a  common  data  base.  I  'rorn  the  flight  test  data  offered  by 
WG  Members,  data  sets  from  three  different  helicopters  were  chosen  for  parameter  identification  purposes: 

•  M^Hoiincll  Pouglas  Helicopter  Company  (MDIIC)  prtrvidcd  data  from  an  AlI-64  (Apache),  an  att,ick 
helicopter  with  an  articulated  rotor. 

•  Ihe  licutschc  b'or.schungsanslalt  fi'ir  l.rrft-  und  Raumfahrt  (Dl.K)  provided  data  from  a  lU)  105,  a  light 
transport  helicopter  with  a  higli  equivalent  hinge  offset  rigid  rotor. 

•  1  he  Koya]  Aerospace  listablislimcnl  (KAl',)  provided  data  from  a  SA-.3.!0.  a  transport  helicopter  with  .an 
articulated  rotor. 

!n  this  chapter,  the  measurements  and  the  flight  test  manoeuvres  given  in  the  data  bases  are  characterized.  It 
should  be  noted  that  the  BO  105  and  the  SA-330  are  oivcrated  by  research  organizations  (DI.R  and  RAIi) 
wfiich  liave  been  working  in  the  field  of  sy.stcm  identification  since  several  ycar.s.  In  consequence,  the  definition 
and  development  of  the  aircraft  instrumentation  was  influenced  by  .system  idenlificatiun  requirements  .and  the 
provided  flight  test  data  were  generated  particularly  for  identification  purposes.  Ihe  AIi-64  data  base  was 
generated  by  MDIK;.  a  company  not  yet  involved  in  .system  identification  work.  1  he  installed  instnimcntalion 
and  the  flown  manoeuvres  were  defined  for  other  test  objectives. 

Some  characteristic  rospoiwos  of  the  three  helicopters  on  one-axis  input  signals  are  shown  in  l  igurc  4.1 
through  f  igure  4  4. 


4.2  System  Identification  Data  Base 

4.2.  i  Kcquiremenis 

An  'ideal'  data  base  fot  .system  identification  should  mainly  provide: 

1.  Data  runs  flown  at  practically  the  same  conditions  to  allow  concatenatril  run  evaluations. 

I'his  is  true  not  only  for  helicopter  characteristics  like  mass  and  CXi  location,  but  also  for  the  environ¬ 
mental  conditions,  e  g.  airspeed  .and  altitude,  and  test  conduction  with  respect  to  trim  condition  and  input 
signal  generation. 

2.  Control  inputs  particularly  defined  for  system  identification  purposes,  response  amplitudes  within  small 
perturbation  assumptions,  and  long  enough  lime  duration  of  the  nin  to  also  provide  sufficient  low  fre¬ 
quency  information. 

3.  Redundant  tests  to  show  the  repeatability  and  give  the  possibility  to  select  the  best  suited'  data. 

4.  Test  runs  with  diflerent  input  amplitudes  to  reveal  nonlincarities. 

5  'l  esl  nins  with  sign  converted  input  signals  to  reveal  asymmetries. 

6.  Different  input  signals  to  be  u.sed  for  the  identification  and  the  verification  of  the  obtained  models 
Here,  the  basic  idea  is  to  extract  a  model  from  fliglit  lest  d,-ita  with  one  input  signal  type  (e  g  321 1  signals) 
i'hcn  Ihe  model  reliability  is  evaluated  by  comparing  model  prediction  to  measurement.s  using  flight  test 
data  with  dissimilar  control  inputs  (eg.  doublets  or  frequency  sweeps). 

7.  Measurements  of  at  least  all  state  and  control  variables  of  the  model  to  be  identified. 

As  an  example,  for  the  identification  of  a  6  Dnl’  ripd  body  model,  measurement.s  of  the  speed  compo¬ 
nents,  rales,  attitude  angles,  and  controls  should  he  considered  as  the  absolute  minimum  of  required  data 

1'o  meet  all  these  requirements  generally  leads  to  a  flight  lest  program  specifically  conducted  for  identification 
purposes.  However,  depending  on  the  individual  application  of  the  identified  model,  some  of  them  can  be 
reduced  or  neglefled  'I'hcn,  the  consequences  must  be  quite  clear.  Tor  example,  a  short  data  run  may  give  a 
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reliable  model  for  the  higlicr  frequency  range,  low  frequency  characteristics  however  cannot  be  determined. 
Or,  a  verification  of  the  identified  model  is  only  possible  and  meaningful  when  data  are  available  that  are  sig¬ 
nificantly  different  from  those  used  for  the  identification  itself  but  arc  still  within  the  same  frequency  range. 


4.2.2  Measured  Quantities  and  Conventions  Used 

■fable  4.1  lists  the  measured  contiol  displacement  and  the  sign  conventions  used  for  them  on  the  different 
helicopters.  On  the  BO  105  and  the  SA-,3.10  the.se  displacements  were  measured  on  the  pilot's  controls  as  on 
these  two  helicopters  aiitostahllisation  was  not  available  or  disengaged,  respectively.  On  the  AlI-64,  however, 
measurements  were  taken  at  the  actuators,  some,  runs  having  autoslabilisation  engaged. 

I  he  sign  conventions  for  the  measured  rcsixinse  variables  are  listed  in  Table  4.2. 


4.3  AH-64  Apache 

4.3.1  Introduction 

The  flight  test  data  for  the  MDIK".  All-64  helicopter  have  been  gathered  for  doublet  and  frequency  sweep 
m.moeuvres  with  control  inputs  In  all  axes  at  a  130  knots  flight  condition.  I'liglits  with  pulse  control  inputs 
were  made  available  for  longitudinal  and  lateral  cyclic  inputs.  All  fliglit  tests  were  selected  from  an  existing  data 
base  with  emphasis  on  practically  the  same  helicopter  state  (mass,  CG  position,  etc)  and  flight  condition. 


4.3.2  Manoeuvres 

fable  4.3  lists  the  manoeuvres  provided. 

The  data  base  included 

•  Two  doublet  runs  for  each  control  axis,  each  starting  in  opposite  direction, 

»  One  pulse  run  for  each,  for.vard  and  aft  longitudinal  control,  and  riglit  lateral  control. 

•  Sinusoidal  frequency  sweeps  ranging  from  0.1  Hz  to  3  Hz  for  all  controls  (three  sweeps  for  the  longi¬ 
tudinal  control,  two  for  the  lateral  and  the  pedal  and  one  for  the  collective  control) 

•  One  sinusoidal  frequency  sweep  ranging  from  0.3  Hz  to  13  Hz  for  each,  the  lateral  and  the  collective 
control. 

All  doublet  and  pulse  inputs  were  pilot  generated.  The  stability  augmentation  system  was  disengaged  'f.'ic 
inputs  for  the  frequency  sweep  control  manoeuvres,  however,  were  produced  by  a  .specially  de.signed  Gold 
Oscillator  Box  (GOB)  unit.  I'o  maintain  off-axis  stability  during  the  test,  the  stability  augmentation  system 
provided  low  gain  feedback  on  the  off-axis  responses.  Ihe  primary  axes  were  in  open  loop  configuialion. 

■fhe  data  runs  with  doublet  or  pulse  inputs  were  only  about  13  seconds  long.  Data  with  frequency  sweep  had 
a  time  duration  between  113  and  158  seconds  consisting  of  a  sweep  up  to  the  high  frequency  and  then  back 
down  to  the  starting  frequency.  In  total,  21  manoeuvres  were  provioed  (8  doublets,  3  pulses,  10  frequency 
sweeps). 


4.3.3  Measurements 

The  AII-64  flight  test  data  were  mainly  obtained  from  six  different  subsystems: 

1 .  A  noseboom  with  pressure  sensors  and  vanes. 

A  boom  is  used  to  measure  the  air  data:  total  velocity,  angle  of  attack,  and  sideslip  (V,  a.  fi).  'I'hc  boom 
is  mounted  out  in  front  of  the  aircraft  to  avoid  main  rotor  wake  interactions.  From  the  measurcinent-s, 
(he  speed  components  u,  'J,  tv  can  'oe  calculated. 

2.  A  sensor  package  with  gyros  and  linear  accelerometers. 

A  sensor  package  installed  close  to  the  CG  position  is  used  to  measure 

•  roll,  pitch,  and  yaw  rates  (p,  q.  r), 

•  roll,  pitch,  and  yaw  angular  accelerations  (p,  q.  r). 

•  longitudinal,  lateral,  and  vertical  accelerations  (e,,.  e^,  8j), 


.1.  I’ilot  seat  accclcroniclcrs'. 

A  package  of  linear  accelerometers  was  installed  at  a  position  dose  tt>  the  pilot's  seat.  It  provided  the 
pilot'.')  scat  longitudinal,  lateral,  and  vertical  accelerations  (a,p,  flyp.  Sjp), 

4.  Heading  attitude  reference  system  (IIARS). 

An  incilial  system  (IIARS)  gave  roll,  pitch  and  yaw  attitude  ^0,  O,  0)  and  the  vertical  velocity  w. 
Based  on  the  attitude  measurements,  the  liulcr  rates  (0.  G,  0)  were  computed. 

5.  A  Doppler  system  provided  the  forward  and  lateral  ground  speed  components. 

6.  (.ontrol  input  generation  and  measurement. 

'Ilirec  tyjxis  of  input  signals  were  flown.  Doublets  and  pukscs  were  generated  by  the  pilot,  frequency 
sweeps  signals  were  produced  electronically.  To  eliminate  uncertainties  in  control  linkage  and  actuator 
dynamics,  control  positions  were  not  taken  at  the  pilot's  stick  or  pedals  but  at  the  actuators:  pitch,  roll, 
and  yaw  actuator,  collective  (dujp,  d|,|,  dp*p,  dpoi). 

Table  4.4  lists  the  measured  control  variables  and  Table  4.5  the  measured  response  variables  provided  for  all 
manoeuvres  with  some  exceptions: 

•  Runs  with  doublet  or  pulse  inputs  and  the  collective  sweeps  had  no  IIARS  vertical  st>ced  and  Doppler 
data  (for  the  identification  these  data  arc  not  necessarily  needed). 

•  lire  collective  sweeps  had  no  pitch  attitude  information  which  is  in  general  needed  for  the  identification 

•  'I'wo  of  the  longitudinal  sweeps,  the  two  lateral  sweeps  (0.1  to  3  Ilz)  and  the  pedal  sweeps  had  no  botim 
data  (making  identification  very  difificult)  and  no  pilot's  scat  acceleration  measurements. 

4.3.4  Proccssing/Con.sislcncy  (ihecks 

No  filtering  or  smoothing  has  been  performed  on  the  data.  Changes  have  liccn  made  to  the  sample  rate.  The 
sample  rate  of  the  original  flight  test  data  varied  from  sensor  to  sensor.  To  eliminate  exre.ssive  data  and  tt) 
provide  a  utiiform  c.'utipling  rate,  the  raw  data  were  sampled  at  100  Hr.  A  .'tcro  order  hold  was  applied  to  the 
measurements  originally  sampled  at  59  Hz  (attitude  angles  and  heading). 

Before  delivery  of  the  flight  test  data  to  the  WG  members  a  number  of  consistency  checks  have  been  performed 
on  the  raw  data  to  determine  the  fidelity  of  the  measurements. 

1.  Accelerometer  measurements  from  diffcicnt  locations  on  the  aircraft  (inclurling  the  pilot's  scat  and  the 
(XJ  accelerations  provided)  were  found  to  agree  within  a  1"  alignment  error 

2.  Rate  measurements  including  both  body  rates  and  liuler  rater,  from  each  te.st  were  integrated  and  com 
pared  to  the  attitudes  to  determine  if  any  bias  existed.  Some  small  biases  were  found  and  consequently 
removed  from  the  data. 

3.  Measured  angular  accelerations  were  also  integrated  and  comp-ared  to  the  body  anjmlar  rates.  Dc.spite  the 
sigiiifieaiit  process  noise,  the  integrated  acccleratioriS  showed  the  same  general  shape  as  the  rate  signals. 

4.4  BO  105 

4.4.1  Introduction 

Tlight  tests,  especially  designed  for  system  identification  purposes,  were  eoiiducled  with  the  DI.R  BO  1U5-S123 
helicopter  at  DLR  in  Braunschweig.  Tire  tests  were  defined  to  meet  tlirce  mairi  objectives; 

1 .  Investigate  the  influence  of  different  input  signals. 

2.  Allow  identification  with  time-domain  and  frequency-domain  techniques. 

3.  Generate  measurements  of  blade  motions  for  the  identification  of  extended  models  with  c.\plicit  rotor 
degrees  of  freedom. 

The  trim  configuration  for  the  BO  10.5  (total  mass  between  2250  kg  and  2100  kg)  flighi  tests  was  steady  state 
horizontal  lligiit  at  80  knots  and  at  a  density  altitude  of  about  3000  ft  standard  atmosphr  re.  (Depending  on  the 
outside  temperature  the  actually  flown  indicated  pressure  altitude  was  iteratively  adjustetl).  Main  emphasis  was 
placed  on  calm  air  flight  conditions. 
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4.4.2  Manoeuvres 

Ilic  BO  105  manoeuvres  pro^'ided  to  the  WC/  are  suiniiiari/.cd  in  lablc  4.6.  I  luce  ditlcioU  types  of  control 
input  signals  were  flown: 

1.  Doublets  (2  seconds  total  time  Icnglit)  for  each  control  input  and  each  control  tlircctinn 
(tx)silive/ncgalivc). 

2.  Modified  .?2//-signal.s  (time  length  7  seconds)  for  each  control  input  and  cacli  conlrol  direction 
(positivc/negative). 

3.  Frequency  sweeps  foi  each  control  input.  Ihc  frequency  sweeps  ranged  from  about  0  U8  up  to  ihe 
highc.st  frequency  the  pilot  could  generate  (5  H2  to  8  Ha,  depending  on  the  control). 

F'or  rcduridancy  reasons  (he  doublet  manoeuvres  were  flown  twice  and  both  the  J2/y'signals  and  frequency 
sweep  manoeuvres  three  times  Within  one  test  mn  only  one  control  was  used  to  excite  the  on-axis  response 
and  to  avoid  correlation  with  other  controls.  Because  of  the  long  lime  duration  of  the  frequency  sweeps,  (hc.se 
tests  required  some  stabilization  by  the  pilot  to  keep  the  aircraft  response  wiiliin  the  limits  ol  small  perturbation 
assurnption.s  for  linear  mathematical  models.  At  the  end  of  the  J2/ /-signals  and  doublet  input  signals,  the 
controls  were  kept  constant  and  the  recording  of  the  helicopter  response  was  continued  until  the  pilot  started 
to  rctrim  the  aircraft. 

At  the  l>cginning  of  each  run  the  mmn  pilot  carefully  trimmed  the  aircraft  to  the  defined  steady  state  condition 
of  80  knots  horizontal  flight,  lie  then  flew  hands-oft  while  the  second  pilot  generated  the  prescribed  single- 
control  input  signal  without  touching  the  remaining  controls  to  avoid  correlations.  A  ('Rl  was  used  as  input 
signal  indicator  showing  the  desired  input  signal  shape  and  the  actual  control  position  versu'  time.  During  the 
first  test  fiiglits  the  input  amplitudes  were  determined  so  that  the  aircraft  response  within  a  .30  seconds  test  wa.s 
in  agiecrncnt  with  linear  model  small  perturbation  assumptions,  llcrc,  it  was  primarily  tried  to  limit  the  devi¬ 
ations  in  pitch  and  roll  attitude  angles  to  about  25  degrees. 

To  avoid  larger  changes  In  mass  and  CQ  location  the  helicopter  was  refueled  aftri  a  total  fiying  litnc  t>f  about 
one  hour. 

4.4.3  Tfleasurcnietits 

The  development  of  the  instrumentation  followed  the  concept  of  using  individual  sensors  that  arc  independent 
from  each  otlicr.  I  hc  instrumentation  used  for  system  identification  puq)oscs  was: 

1.  I'hrcc  rate  gyro.s  for  roll,  pilch,  and  yaw  rates  (p.  q.  /), 

2.  A  vertical  gyro  for  the  roll  and  pilch  attitude  (<$).  D)  ^nd  a  gyro  for  heading  (^), 

3.  'I'hrcc  linear  accelerometers,  installed  close  to  the  aircrid)  CG  to  measure  the  longitudinal,  lateral,  and 
vertical  accelerations  {a^.  ay, 

4.  Potentiometers  at  each  pilot's  control  (stick,  pedals,  collective  lever)  to  measure  the  control  input.s 
(^lon'  ^lat'  *^ped’  ^cciJ’ 

5.  A  tachometer  at  the  main  rotor  shaft  for  RPM, 

6.  A  HADS  (helicopter  air  data  system)  was  used  that  is  designed  for  speed  measurements  in  the  total  speed 

range  of  the  helicopter  including  hover.  The  sensor  is  a  swrivclling  probe  installed  under  the  rotor.  U  is 

designed  to  operate  in  two  different  fiow  conditions:  for  hove*"  and  low  airspeed  it  is  working  within  the 

downwash  of  the  rotor  and  it  aligns  with  tlie  resulting  flow  (downwasb  and  helicopter  speed).  For  speeds 
higher  than  about  35  knots  the  sensor  is  out  of  the  downwash.  Iheii  it  aligns  with  the  actual  speed  vector 
of  Ihe  helicopter.  Based  on  the  pres.sure  and  probe  angle  signals  the  forward  and  sideward  aircraft  speed 
is  derived  {u.  v).  For  the  out-of-downwash  condition  the  vertical  speed  (w)  is  obtained  in  addition. 

All  data  were  digitized  and  recorded  on  boaid  of  (he  helicopter.  I  he  .standard  sampling  rates  were  100  Hz  or 
50  Hz,  depending  on  the  signal  frequency  content,  due  to  the  high  vibration  level,  linear  acccleiations  were 
sampled  with  300  Hz. 

Table  4  7  summaiizcs  the  measured  control  variables  and  I'able  4.8  the  measured  u-^pt'nsc  variables  provided 
to  the  Working  Group. 
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4.4.4  Proctasing/t’ansislency  (.'hecks 

Durifig  the  fliglit  lesis,  the  measured  signal.s  were  .sent  by  tcicinciry  to  a  ground  station  where  time  historie.s 
from  selected  variables  were  presented  on  both  a  monitor  and  plotter  for  on-line  quick  looks.  A  first  computer 
supported  data  compatibility  check  wa.s  conducted  to  isolate  data  incorisi.stencics  Using  these  on-line  data 
checks  together  with  pilot's  comments  it  was  relatively  easy 

I  to  control  the  tests, 

2.  to  detect  major  data  errors  (e  g  sensor  malfunction,  signal  saturation,  etc.),  test  inaccuracies,  disturbances 
(e  g  drifts,  large  coupling  in  the  controls,  turbulence,  etc),  and 
.V  to  decide  if  the  tc.st  was  a  "good"  one  or  if  it  had  to  be  repeated 

(iround-based  data  processing  included  a  o.: 

•  Data  conversion  to  a  unit  system  with  meter,  radian,  second,  Newton  and  percent, 

•  (  '.alculation  of  the  speed  components  along  the  helicopter  axes, 

•  Digital  nitering  of  linear  accelerations  and  rates  to  reduce  vibrations  (zcro-phasc-sbift  filter  with  12  5  Hz 
cut-off  Irequrncy), 

•  Digital  differentiation  of  the  rales  to  obtain  angular  accelerations. 

•  ( 'orrection  of  speed  components  and  linear  accelerations  with  respect  to  the  center  of  gravity. 

•  Conversion  of  all  data  to  a  unique  sampling  rale  of  100  Hz. 

I  rmc  histories  of  all  measured  and  derived  data  were  plotted  and  visually  checked  for  significant  errors  (e  g 
sign,  amplitude,  dynamic  characteri.stics,  noise,  drop  outs).  Before  delivery  ol  the  flight  test  data  to  the  W(i 
members,  data  compatibility  calculations,  using  the  non-linear  kinematic  equations,  were  done  for  calculated 
rotational  acccicralions/ralcs,  rates/attilude  angles,  and  linear  accclcralions/.specd  components  It  can  be  con¬ 
cluded  : 

•  Rales  and  angular  measurements  agree  almost  perfectly,  but  the  agreement  bciween  integrated  yaw  rate 
and  measured  heading  shows  some  differences  because  the  directional  gyro  is  of  lower  quality  (heading 
is  tint  ustxJ  for  the  identification). 

•  ('oncerning  the  comparison  of  integrated  linear  accelerations  and  measured  speed  component.s  it  can  be 
stated  that  in  general  a  satisfactory  agreement  was  found. 

4.5  SA-330  Puma 

4.5.1  Imroduclion 

A  flight  test  database  for  system  identification  research  was  gathered  on  the  RAh  Puma  aW241  during  the 
period  198I-S7.  I  light  conditions  flown  included  hover  and  forward  flight  trims  at  60,  80,  100.  120  knots,  l  est 
points  were  generally  flown  at  a  high  enough  altitude  to  establish  calm  (i.c.  low  turbulence)  arul  steady  condi¬ 
tions  which  in  practice  were  found  between  30(X)  fl  and  4000  ft  pressure  altitude.  Aircraft  configuration  could 
be  varied  in  teims  of  mass  and  (XJ  po.silion  but  the  datum  configuration  with  full  fuel  and  t  crew  mcmbej.s 
was  about  5800  kg  and  neutral.  I  ypically,  at  each  trimmed  flight  condition  the  pilot  would  hold  the  controls 
fixed  for  about  five  seconds,  apply  the  required  control  input  and  continue  to  hold  fixed  controls  until  the 
disturbed  response  had  decayed  or  a  sufficiently  long  manoeuvre  duration  had  been  recorded  or  the  excursion.s 
became  large  enough  to  warrant  intervention.  l  oUowing  a  control  response  the  aircraA  would  be  rctrimmed 
in  the  initial  condition  and  two  repeat  manoeuvres  perfonned  giving  3  records  in  all,  enabling  rciicatability  to 
be  checked.  This  procedure  would  be  repeated  for  the  opposite  control  direction  (c.  g.  left/right,  up/down)  and 
for  all  four  amounting  to  24  events  per  input  type  and  size,  pc.-  flight  condition.  The  duration  of  the 
recorded  manoeuvres  varied  with  input  *yp<  and  size,  and  varied  from  a  few  seconds  foi  a  single-step  input  in. 
sav,  longitudinal  or  lateral  cycle  to  about  20- .30  seconds  for  a  retum-lo-trim,  multi-step  e  g  doublet,  321 1-sig¬ 
nal,  to  more  than  lOO  seconds  for  a  frequency  sweep.  Repeat  runs  at  djffcicnt  control  amplitudes  were  some¬ 
times  recorded  to  check  for  linearity  in  the  response. 


4.5.2  Manoeuvres 

I  he  manoeuvre  cases  provided  to  W(J  18  are  listed  in  Table  4  9.  Two  dilTcrcnt  data  sets  were  given: 

Ihe  primaiy  set  was  flown  at  80  kn  and  included  3211  multi-step  in  both  initial  directions  of  all  four 
control  axes. 
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2.  A  secondary  set  included  multi-step  and  frequency  sweeps  for  longitudinal  cyclic  only  at  the  three  speeds, 
60,  80  and  100  knots. 

Control  amplitudes  are  typically  i  2  %  (longitudinal  eyebe)  and  ±  5  %  (lateral  eyebe,  collective,  pedal)  of  full 
range.  Response  amplitudes  varied  with  different  inputs  of  course  but  maximum  excursions  were  about 
±  15  kn  airspeed),  ±  6“  (incidence),  ±  10°  (sideslip)  and  ±  fO°/s  (roll-,  pitch-,  yaw  rate). 

The  data  were  selected  from  various  flights.  This  explains  the  flight  condition  differences  in  altitude. 

4.S.3  Measurements 

For  the  SA-330  the  largest  number  of  measured  variables  were  provided  although  several  measurements,  not 
needed  for  the  Working  Group,  were  either  not  engaged  or  not  yet  transformed  to  engineering  units  The  fol¬ 
lowing  is,  therefore,  only  concerned  with  those  measurements  that  were  of  interest  for  the  WG  objectives.  The 
measured  control  variables  are  given  in  Table  4.10,  the  measuiexi  response  variables  are  given  in  Table  4.1 1. 
Basically,  signals  arc  obtained  from  individual  sensors,  an  'agjlity  package',  a  noseboom,  and  control  meas¬ 
urements. 

1 .  Redundant  data  from  individual  sensors  and  the  agility  package. 

'ITie  SA-330  provides  redundant  data  obtained  from  two  different  sources;  Individual  sensors  are  acceler¬ 
ometers,  rale  and  attitude  gyros.  Ihe  'agjbty  package'  is  an  inertial  system  integrated  in  one  box  so  that 
it  can  casUy  be  installed  for  flight  test  measurements  in  an  aircraft.  Both  systems  provide: 

•  roll,  pitch,  and  yaw  rates  (p.  q.  r  and  Pg_,  p,g.  r^g), 

•  roll  and  pitch  attitudes  (ft).  0  ant)  6,g). 

2.  Additional  individual  sensors. 

•  heading  (M')  is  measured  by  a  directional  gyro. 

•  longitudinal,  lateral,  and  vertical  accelerations  (a^.  fy,  and  a^g,  By^g.  a^jg)  are  obtained  from 
linear  accelerometers. 

o-  f-osebocm. 

A  pressure  transducer  and  two  vanes  are  installed  at  a  boom  to  give  total  airspeed,  ang'e  of  attack,  and 
sidesUp  (V,  a,  p).  The  boom  is  installed  at  the  nose  of  the  hebcopter  to  avoid  disturbances  in  the  meas¬ 
urements  due  to  rotor  downwash  and  fuselage  influences. 

4.  Controls. 

Potentiometers  are  used  at  the  pilot's  stick,  pedals  and  collective  lever  (d|on.  <5|at’  <^coi) 

ITie  data  were  recorded  at  a  variety  of  sampling  rates.  All  channels  were  passed  through  anti  aliasing  filters  at 
72  Hz  before  digitising;  in  addition,  the  agility  package  data  was  further  filtered  by  a  2  pole  Butterwoith  at 
10.6  Hz.  'Ihe  measurements  were  recorded  in  digital  PCM  form  (12  bit  numbers)  on-board  on  magnetic  tape. 
No  de  skewing  techniques  were  adopted,  resulting  in  a  maximum  data  skew  of  about  10  ms.  For  the  AGARD 
WG  data  base,  all  measurements  were  transformed  to  a  uniform  sampling  rate  of  64  Hz 


4.5.4  ProcessingfConsistenr.y  Checks 

Hie  only  pre-processing  carried  out  on  the  data  before  dispatch  to  WG  18  members  was  a  ccnvc.-«'cn  to 
engineering  units  and  a  sorting  into  binary  files.  No  referencing  of  data  to  the  CG  location  was  carried  out. 
Time  history  traces  were  examined  visually  for  obvious  anomalies  and  observable  errots.  In  addition,  a  direct 
comparison  of  air  data  velocities  with  integrated  accelerations,  and  fuselage  attitude  with  integrated  angular 
rates  was  made.  From  these  visual  comparisons  a  number  of  observations  can  be  made  concerning  data  quality. 

1  Ihe  angle  of  attack  vane  measurement  and  the  normal  acceleration  require  a  reversal  of  scale  factor  signs. 

2.  Signal  to  noise  ratios  in  the  longitudinal  and  lateral  accelerations  arc  typically  of  the  order  unity,  except 
for  the  larger  yaw  manoeuvres  when  the  latter  is  of  the  order  !0. 

3.  Departure  of  velocity  and  attitudes  indicate  possibility  of  small  cabbtation  errors  on  inertial  and  vane  data. 

4.  Airspeed  data  conttun  process  noise,  possibly  cau.scd  by  rotor  walte/fusclage  interferetice  at  the  boom. 

As,suining  that  each  organisation  would  be  couducting  their  own  kinematic  consistency  and  state  estimation 
checks,  the  recorded  measurements  were  considered  to  be  of  high  enough  quality  for  system  identification 
work. 
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4.6  Summary  and  Concluding  Remarks 

When  the  three  data  bases  (AH-64,  BO  105,  SA-330)  provided  to  the  WG  arc  compared  to  an  'ideal'  system 

identification  data  base  as  characterized  in  section  4.2  it  can  be  stated: 

•  The  minimum  requirement  for  the  available  measurements  is  easily  met  by  all  three  data  bases.  All  data 
bases  provide  even  more  data  like  linear  accelerations  and,  in  particular  the  AH-64  and  SA-330  give  a  high 
level  of  measurement  redundancies  from  additional  sensors. 

•  Considering  requirements  like  uniform  flight  test  conditions,  redundant  runs,  sign  converted  inputs,  and 
different  input  types  for  all  controls,  the  BO  105  data  base  takes  its  advantage  out  of  the  fact  that  all 
provided  data  were  flown  within  one  flight  test  program.  It  was  conducted  only  for  system  identification 
purposes  right  after  the  fust  WG  Meeting  and,  therefore,  included  most  of  the  WG  requirements.  Cur¬ 
rently,  it  is  certainly  one  of  the  most  comprehensive  data  bases  available  for  system  identification,  the 
more  so  as  it  also  includes  flapping  measurements  for  all  blades  (not  provided  to  the  Group).  However, 
data  were  only  generated  for  one  flight  condition  and  the  data  base  still  has  to  extended  into  other  flight 
regimes. 

•  Ihc  AH-64  data  base  wa.s  not  produced  for  system  identification  purpo.ses  and,  therefore,  no  input  signals 
were  used  that  are  felt  to  be  most  .suited  for  the  identification.  In  addition,  most  data  runs  are  very  short 
so  that  the  low  frequency  information  content  is  probably  too  small.  Nevertheless,  the  Group  decided  to 
also  work  on  these  data  in  order  to  demonstrate  what  system  identification  tan  acliieve  with  a  typical 
industry  generated  data  base. 
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Group 

Variables 

Quantity 

AH-64 

Helicopter 

BO  105 

SA-3.30 

! 

c 

1. 

"c 

a- 

C 

c 

L 

(at  input  device) 

l  orwaid/Aft  Cyclic 

n.rn. 

Slick  fit 

Stick  forward 

l.ateral  Cyclic 

n.m. 

stick  rigid 

stick  left 

(follective 

n.m. 

up 

up 

Pedals 

n.m. 

right  pedal 
forward 

left  pedal 
forward 

V 

1 

1 

1 

T 

1 

C 

c 

L 

! 

!e 
!  1 

iS- 

5 

) 

Forward/Aft  Cyclic 

stick  aft 

n.m. 

n.m. 

Lateral  Cyclic 

stick  right 

n.m. 

n.m. 

Collective 

Up 

n.m. 

n.m. 

Tail  Rotor  Collective 

right  pedal 
forward 

n.m. 

n.ni. 

Table  4.1.  Conventions  for  Positive  Signs  of  Control  Displacements 


Variables 

All  studied  helicopters 

<3roup 

Quantity 

(AII-64,  BO  105,  SA-330) 

Angle  of  attack 

flow  from  below  (nose  up) 

Angle  of  sideslip 

flow  from  starboard  (nose  left) 

a 

Airspeed 

forward 

-3 

Longitudinal  speed 

forward 

Lateral  speed 

right 

Normal  speed 

down 

Rale  of  climb 

up 

3 

•3 

Ijcngitudinal  speed 

forward 

•S 

<fl 

O. 

1 

Lateral  speed 

right 

u. 

Normal  speed 

down 

tn 

a 

Longitudinal  acceleration 

forward 

a  3 

l| 

1  ateral  acceleration 

right 

i 

Normal  acceleration 

down 

A  ^ 

^  Jj 

il 

Bank  angle 
(Roll  single) 

Right  side  down 

Inclination  angle 
(Pitch  angle) 

Nose  up 

■fi(3 

< 

Azimuth  angle 
(Yaw  angle) 

Nose  right 

Rate  of  roll 

Riglit  side  down 

1 

Rate  of  pitch 

Nose  up 

Rate  of  yaw 

Nose  right 

Table  4.2,  Convention!;  for  Positive  Signs  of  Response  Variables 


Coatrol  displaceoieriU 


Variables 

Quantity 

Source 

Original 
.Sampling 
Rate 
(in  Ilz) 

Forward/Aft  Cyclic 

Actuator 

470 

Lateral  Cyclic 

Actuator 

470 

Collective 

Actuator 

941 

Tail  Rotor  Collective 

Actuator 

470 

Table  4.4.  AH-64  Control  Variables 


Group 

Variables 

Quantity 

Source 

Original 
Sampling 
Rate 
(In  Hz) 

Angle  of  attack 

Boom  System 

941 

n 

■Q 

Angle  of  sidoallp 

boom  System 

470 

< 

Airspeed 

— 

Boom  System 

59 

•B 

Longitudinal  speed 

Doppler  radar 

941 

a 

■?  " 

Lateral  speed 

Doppler  radar 

941 

iz 

Normal  speed 

HARS 

470 

(0 

% 

Longitudinal  acceleration 

Accelerometer  at  CG 

470 

jnear 

lerat 

Lateral  acceleration 

Accelerometer  at  CG 

470 

§ 

Normal  acceleration 

Accelerometer  at  CG 

470 

</} 

c 

o 

Longitudinal  acceleration 

Accelerometer  at  pilot's  seat 

470 

S  2 

51 

Lateral  acceleration 

Accolorometor  at  pilot's  seat 

470 

8 

Normal  acceleration 

Accelerometer  at  pilot's  seal 

941 

Roll  angle 

HARS 

59 

O  Jn  fc  ** 

Vr  3  O) 
c  S  c 

Pitch  angis 

nAnS 

69 

Yaw  angle 

HARS 

59 

Roll  rate 

Rate  gyro 

941 

JS  v> 

2,S 

fc 

Pitch  rate 

Rale  gyro 

941 

<£ 

Yaw  rate 

Rale  gyro 

941 

Euler  roll  rate 

Calculated  from  roll  angle 

470 

(«  (A 
=>  £: 

Euler  pitch  rate 

Calculated  from  pitch  angle 

941 

< 

Euler  yaw  rale 

Calculated  from  ynw  angle 

470 

«9 

C 

w  0 

Roll  acceleration 

Angular  accelerometer 

941 

II 

Pitch  acceleration 

Angular  accelerometer 

941 

Yaw  acceleration 

Angular  accelerometer 

941 

Table  4.5.  aH-64  Response  Variables 

L/itta  provided  st  8  uniform  sampling  rate  of  100  Hz. 
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t 

i 

\ 

i 


Cjroup 

Variables 

Quantity 

— 

Source 

Origin  al 
Sampling 
Rate 
(in  Hz) 

s 

S 

I'onvard/Aft  Cyclic 

Potentiometer 

50 

1“ 

1 

lateral  Cyclic 

Potentiometer 

SO 

Pedal 

Potcniiometei 

50 

0 

S 

Collective 

Potentiometer 

50 

Table  4.7.  BO  105  Control  Variables 

Group 

Variables 

Quantity 

Source 

Original 
Sampling 
Rate 
(in  Hz) 

Air  data 

Ixjngtudinal  ai'spccd 

HADS 

50 

Lateral  airspeed 

HADS 

50 

Normal  airspeed 

HADS 

.50 

a 

Longitudinal  acceleration 

Accelerometer  at  CG 

300 

Lateral  acceleration 

Accelerometer  at  CC3 

300 

i 

Normal  acceleration 

Acceleromelci  at  CG 

300 

__ 

•as 

Roll  angle 

Vertical  gyro 

50 

g  'Sb 

3  V 

l’3 

Pilch  angle 

Vertical  gyro 

50 

Yaw  angle 

Directional  gyro 

50 

1 

Roll  rale 

Rate  gyro 

100 

Pitch  rate 

Rate  gyro 

100 

Yaw  rate 

Rate  gyro 

100 

Rotor 

RPM 

_ 

1  achomcier 

50 

I'able  4.8.  BO  IDS  Response  Variables 
Data  provideil  at  a  uniform  .sampling  rate  of  100  Hz. 


Control  Input 


Control  displacements 


Variables 

Quantity 


Angle  of  attack 


Angle  of  sideslip 


Airspeed 


Climb  rate 


longitudinal  acceleration 


lateral  acceleration 


Normal  acceleration 


Roll  angle 


Pitch  angle 


Yaw  angle 


Roll  rate 


Pitch  rate 


Yaw  rate 


Table  4.11.  SA-330  Response  Variables 
Data  piovidcd  at  a  uniform  sampling  rale  of  64  Hz. 


Source 

Original 
Sampling 
Rate 
(In  Hz) 

Noseboom  vane 

128 

Noseboom  vane 

128 

Noseboom  Pitot  probe 

128 

Static  pressure  probe 

128 

Accclcromclef  at  CO  and  agility  package 

256 

Accelerometer  at  tlG  and  agility  package 

256 

Accelerornelet  at  (IG  and  agility  package 

236 

Vertical  gyro  and  agility  package 

128 

Vertical  gyio  and  agility  package 

128 

Directional  gyro 

128 

Rate  gyro  and  agility  package 

256 

Rate  gyro  and  agility  package 

256 

Rate  gyro  and  agility  package 

256 

Tachometer 

256 

Figure  4.1.  Characleristic  lielicoofer  responses  to  icngitudlRa!  control  iiipuis 


Figure  4.3.  Characteristic  helicopter  responses  to  pedal  control  inputs 


Figure  4.4.  Characteristic  l-.elicopter  responses  to  collective  control  inpcls 


5.  Identification  Methodologies 
5.1  Introduction 


RcUabIc  identification  results  can  only  be  obtained  when  all  individual  stcos  in  the  identification  approach  are 
carefully  conducted.  'I'hcrefore,  this  chajitcr  concentrates  on  each  of  these  step.s.  dhe  section  on  FUf^ht  7er/ 
Procedures  {  .S  2)  includes  a  discussion  on  input  signals  and  the  planning  and  conduction  of  appropriate  flight 
tests.  Ihcn,  instru  nentation  requirements,  data  processing  and  evaluation  are  addressed  (5.3  and  5.4)  I'inaliy, 
I deniijiration  I’echnicjuts  applied  in  the  Working  (iroup  arc  charactcrircd  (section  5  5). 


5.2  Flight  Test  Procedures*) 


5.2. 1  ■■'.(rodLCtion 

Ihc  success  of  aircraft  system  identification  techniques  depends,  to  a  considerable  extent,  on  the  dcs  jii  and 
conduct  of  flight  experiments.  It  is  important  to  recognize  that  such  flight  experiments  should  be  designed  and 
perfonned  specifically  for  the  purposes  of  system  identification  and  that  satisfactory  parameter  estimates  arc 
seldom  obtained  from  flight  experiments  which  had  some  other  primary  objective  h  must  also  be  recognized 
ihat  safety  is  of  parrunount  importance  at  all  times. 


5.2.2  Planning  of  IlighI  I'ests 

I  hc  preparation  of  a  complete  matrix  of  flight  experiments  in  advance  is  essential.  Ibis  must  cover  factors  such 
as  the  forms  of  test  input  to  be  used,  the  amplitude  and  duration  of  test  signals,  together  with  the  precise  .set 
of  trimmed  flight  conditions  for  which,  test  inputs  are  to  be  applied,  Ivxpcrimcnts  are  usually  repeated  several 
limes  since  replication  provides  valuable  insighil  concerning  robustness  and  allow.s  averaging  of  the  residual 
vlTecli  of  iuiiiuleiice.  1  csi  signals  are  aisrj  normally  repeated  in  both  directions  lor  each  control  input 

Decisions  must  Ire  made  in  advance,  on  the  basis  of  previrrus  flight  experience,  ctmceniing  the  use  of  any  form 
of  stability  augmentation  during  the  fligtil  experiments.  At  an  early  stage  it  is  also  necessary  tra  establish  whether 
sign.als  .VC  to  Ire  applied  manually  by  the  pilot  or  through  some  special  firnn  of  input  device  such  a.s  that 
described  by  dc  Iceuw  ct  al  (19S9,  [5.2.1]). 

1  Of  lest  signals  which  involve  a  long  sequence  of  control  movements,  such  as  a  frcqiii-ncy  sweep,  it  may  be 
necessary  for  the  pilot  to  take  corrective  action  to  ensure  that  the  aircraft  rcsptrnse  is  kept  within  specified 
limits  A  clear  policy  must  be  established  regarding  such  intervention.  Policies  must  also  be  established  con¬ 
cerning  recovery  action  by  the  pilot  at  Ihc  end  of  each  lest  and  clear  guidelines  must  be  provided  concerning 
acceptable  excursions  from  the  nominal  Inmmed  flight  condition. 

It  is  essential  that  all  the  (liglil  crew  and  others  concerned  with  the  conduct  of  the  fliglit  experiments  arc  fully 
bnefed  and  have  detailed  knowledge  of  the  purpose  of  Ihc  tests  livery  potential  risk  nm.st  be  assessed  carefully 
In  the  planning  of  a  sequence  of  tests  for  a  range  of  points  within  Ihc  fliglit  envelope  it  is  important  to  ensure 
lhat  exiarricnec  is  built  up  incrcincntall)  fiuin  a  known  (or  low  risk)  conditir.n  towards  an  unknown  (or  high 
risk)  condition,  l  or  example  foi  tests  involving  hover  conditions  it  is  appropriate  to  start  Ihc  test  sequence  at 
high  allili.  les  and  work  down  into  ground  effect,  if  required,  in  a  series  of  well-defined  ,'itcps. 

Decisions  must  be  nude  in  planning  fliglit  cxfKrriments  aboi’l  the  pos  ible  need  for  additional  cockpit  instru¬ 
mentation  Dne  example  is  a  CR  I  show .ng  both  the  desired  lest  input  signal  and  the  actual  control  movement 
('cctioii  6  2). 

Arrangements  must  be  made  to  provide  test  pilots  svitb  practice  in  achieving  trimmed  flight  for  specified  flight 
conditions  end  in  applying  the  required  test  input  signals.  It  is  also  imponaiit  to  ensure  that  ground-based  staff 
arc  fully  convcr.sanl  with  the  equipment  used  for  inunitoriiig  the  flight  and  for  on-line  detection  of  emirs  in  the 
measurements 
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5.2.3  .Selection  of  Test  Inputs 


Many  factois  should  be  taken  into  account  in  the  design  of  practical  test  input  signals  but  there  arc  two  aspects 
of  the  test  input  selection  process  which  arc  of  critical  intportance.  Firstly  the  frequency  content  of  test  signals 
must  be  chosen  to  ensure  that  modes  are  eacited  sufficiently.  Model  responses  to  simulated  test  signals  must 
show  some  sensitivity  to  variations  of  chosen  model  parameters  if  parameter  estimation  is  to  be  achieved  from 
fliglit  data  for  those  quantities  and  the  accuiacy  of  estimates  can  be  highly  dependent  on  frequency  content. 
Appropriate  allowance  must,  of  course,  be  niadc  for  actuator  dynamics  in  considering  the  frequency  content 
of  the  inputs.  Secondly,  for  the  identification  of  linearised  derivative  models,  the  form  of  test  input  selected 
must  ensure  that  the  motion  remains  within  a  specified  flight  region.  !n  addition,  the  form  of  input  must  ensure 
that  the  correlation  between  measured  .states  and  between  separate  control  inputs  is  sufficiently  low  to  give 
well-conditioned  sets  of  equations  at  the  identification  stage.  Ill-conditioning  is  often  associated  with  near 
linear-dependence  of  the  measured  variables  and  this  can  be  detected  using  measures  based  upon  the  informa¬ 
tion  matrix  or  dispersion  matrix  (Beck  et  al.,  1977,  [.^.2.21). 

F'iactschke  et  al.,  1979,  [5.2.4]  have  provided  a  useful  review  of  practical  input  signal  design  methods  with 
particular  emphasis  on  multislep  signal  design  by  frequency-domain  mclhoiis.  Ijcith  ct  al.  (i9f?9,  [5.2.5])  have 
also  applied  frequency  domain  methods  to  the  design  of  multi-step  signals  and  have  provided  details  of  expe¬ 
rience  gained  in  the  application  of  such  lest  inputs  to  a  Lynx  helicopter. 

One  form  of  multi-step  test  input  signal  which  is  traditionally  used  for  the  identification  of  fixed-wing  aircraft 
is  the  doublet  Doublet  inputs  can  be  applied  very  effectively  to  excite  the  short  period  mode  in  longitudinal 
motion  and  the  Dutch  toll.  Pilots  can  use  such  inputs  to  search  for  natural  frequencies  of  the  aircraft  responses. 
As  has  been  (xiinted  out  by  Plact.schke  ct  al.  (1979,  [5.2.4])  many  derivatives  are  readily  identifiable  in  the 
vicinity  of  natural  frequencies,  although  .some  can  only  be  found  as  ratios  In  the  case  of  the  helicopter,  doublet 
inputs  arc  of  limited  value,  althougli  these  inputs  arc  capable  of  exciting  modes  in  either  axis  very  well,  ihe 
highly  coupled  form  of  model  structure  presents  difficulties  using  simple  test  signals  of  this  kind  and  it  is  gen¬ 
erally  accepted  that  doublets  are  not  ideal  as  test  signals  for  helicopter  identification  although  they  arc  of  value 
when  used  in  conjunction  with  other  types  of  input. 

A  second  form  of  multi-step  signal  which  has  been  used  widely  for  rotorcraft  and  aircraft  sy.slem  identification 
is  the  so-called  '3-2-1-1’  band-optimized  signal  (Marchand  et  al..  1974,  [5.2  I];  I’laetschkc  et  al..  1979, 
[5  2.4];  Kalclka,  1979,  [S.2.fi])  The  numbers  ura«l  in  the  designation  of  this  input  refer  to  the  time  unil.s 
between  control  reversals  Such  inputs  can,  in  principle,  provide  broader-band  excitation  than  the  doublet  but, 
for  cases  in  which  stability  margins  are  small,  use  of  such  signals  may  not  allow  an  adequate  length  of  data 
record  without  the  use  of  stability  augmentation  or  pilot  intervention  during  the  unforced  part  of  the  response. 
(Kalclka,  1979,  [5.2.6];  leith  ct  al..  1989,  [5.2.5]). 

I  he  Ctamer-Rao  bound,  which  relates  the  variance  of  parameter  estimates  to  elements  of  the  dispersion  matiix, 
has  led  to  algorithms  for  the  design  of  inputs  which  minimize  some  appropriate  function  of  the  dispersion 
matrix  or  information  matrix  Idic  use  of  such  design  methods  is  based  upon  the  assumption  that  an  efficient 
estimator  exists  Optima!  te.st  inputs  designed  in  this  way  arc  therefore  most  u.seful  in  situations  where  test 
records  are  available  which  are  long  compared  with  the  time  constants  of  the  system  under  test  so  that  the 
asymptotic  properties  of  appropriate  eslimator.s  (e.g.  maximum  likelihood  estimators)  ajjply.  This  approach  to 
test  input  design  has  been  found  to  be  useful  for  the  selection  of  simple  multi-step  signals  for  manual  applica¬ 
tion  in  rotorcraft  identification  (leiih  et  al.,  1989,  [5.2.5]). 

Robustness  of  test  inputs  is  an  important  but  often  neglected  aspect  of  the  input  design  process.  As  already 
iliscusscd,  only  an  approximate  model  of  the  vehicle  is  available  prior  to  testing  and  the  inputs  used  .should 
be  as  insensitive  as  po.ssiblc  to  errors  in  the  model.  For  manual  application,  responses  must  also  be  insensitive 
to  errors  in  timing  and  amplitude  of  the  inputs. 

A  second  important  point  is  that  inputs  should  not  contain  a  d.e.  component  [non-zero  mean  value)  since  this 
will  tend  to  change  the  operating  condition  of  the  aircraft  away  from  the  initial  trim  stale  unless  this  is  specif¬ 
ically  required  (e.g,  classical  speed-stability  tests). 

Typically,  the  transfer  function  l>clwecn  a  given  control  input  and  a  given  state  variablt-  will  contain  resonant 
peak.s.  If  an  input  excites  such  a  resonance  the  response  will  tend  to  be  large  and  may  become  non-linear  thus 
leading  to  a  short  test  record.  Hence  by  designing  inputs  which  avoid  exciting  these  resonances  it  is  possible 
to  obtain  longer  test  records. 

The  requirements  that  the  dispersion  matrix  is  reasonably  "small"  can  be  satisfied  in  terms  of  the  frequency- 
domain  if  the  autospectrum  of  the  input  is  chosen  to  avoid  frequencies  around  the  resonances  but  to  excite  the 
remaining  frequencies  over  the  frequency  range  of  uilcrest.  Leith  et  al.  (1989,  [5.2.5])  have  found  that,  by  using 


frequency-domain  methods  to  tailor  multi-step  signals  to  avoid  excitation  at  resonant  frequencies  while  giving 
a  satisfactory  dispersion  matrix,  it  is  possible  to  obtain  practical  fcroad-band  multi-step  inputs.  In  the  case  of 
the  l.ynx  helicopter  a  double-doublet  form  of  input,  designed  in  this  way,  provided  useful  test  records,  without 
stability  augmentation,  of  more  thrui  thirty  seconds  duration  before  pilot  intervention  became  necessary.  Using 
3211  inputs  with  the  same  helicopter  useful  test  records  could  not  be  obtained  since  corrective  pilot  actions 
were  required  very  early  in  each  test  and  resulting  records  were  of  very  short  duration.  It  should  be  noted  that 
a  modified  form  of  321 1  signal  involving  a  reduced  amplitude  of  the  initial  step  has  been  used  by  dc  l,eeuw  el 
al.  (1989,  [5.2.1])  to  reduce  the  magnitude  of  the  initial  excursion  and  to  balance  the  total  pcrluibatjon  about 
the  trim. 

A  dilTercnl  form  of  broad-band  test  signoJ  which  has  been  used  increa.singly  in  recent  years  is  the  'frequency 
sweep'  (Tischler  et  al.,  1985,  [5.2.7]).  Such  signals  are  generally  initiated  by  applying  two  low  frequency  sinu¬ 
soidal  cycles  having  a  period  which  corresponds  to  the  lower  bound  ol  the  frequency  range  required.  Ihc  fre¬ 
quency  is  then  increa.ied  gradually  until  the  control  is  being  driven  at  a  relatively  higli  frequency  but  with  a 
smaller  amplitude  of  mt,  lOn.  1  he  control  is  then  returned  to  trim.  Ibe  overall  period  of  this  test  sequence  is 
cho.scn  ideally  to  allow  good  identification  of  the  low  frequency  modes  and  to  give  an  even  excitation  of  the 
vehicle  dynamics  over  the  frequency  range  of  interest  (Tischler,  198'/,  [S.2.8]). 

In  designing  a  test  signal  for  identification  a  three-stage  process  may  be  adopted.  1  he  first  stage  involves  initial 
simulation  and  analysis,  based  on  the  best  currently  available  mathematicaJ  model,  to  obtain  a  first  estimate 
of  the  dynamic  range  for  testing.  'Iliis  provides  a  basis  for  the  second  stage  wliich  involves  the  design  of  a 
preliminary  experiment  using  broad-band  test  signals  .such  as  frequency  sweeps.  Analysis  of  results  from  this 
initial  charaaerisation  is  of  considerable  value  for  the  design  of  the  flight  experiments  from  which  parameter 
estimates  are  to  be  obtained.  Por  example,  assumptions  of  overall  linearity  can  be  chei  ked  by  examining  the 
coherence  for  selected  pairs  of  input  and  output  variables  and  the  tests  provide  opportunilic.s  to  charactcrixc 
the  linear  and  nonlinear  dynamic  characteristics  of  the  actuation  system  I’rcUrninary  tests  of  this  type  should 
be  monitored  in  real  time  with  particular  reference  to  the  assessment  of  the  loading  of  critical  components.  Test 
signal  amplitudes  should  be  small  initially  and  should  be  increased  gradually  until  it  hccome.s  clear  that  all 
modes  of  significance  have  been  captured  while  avoiding  problems  of  nonlinearity  and  (ixccssivc  loading. 

Requirements  in  terms  of  test  signal  frequency  range  are  detennined  by  the  most  demanding  application  of  the 
identified  mode!  (‘.xa-Tiples  of  demanding  applications  include  flight  coiitiol  sy-Siein  design,  ihe  ucvciopmcnt 
of  research  flight  simulations  and  their  application  in  handling  qualitie.s  studies  at  the  limit  of  the  envelope. 
Typical  requirements  involve  upper  frequency  limits  of  al  least  20  rad/s  in  order  to  capture  regressing  lead-lag 
and  flap  models  in  helicopters  such  ss  the  110  105.  With  lower  order  models  and  less  demanding  applications 
it  is  appropriate  to  u.se  test  inputs  condilii'neii  to  avoid  high  frequencies  which  could  excite  higher  order  rotor 
and  engine  modes. 

It  is  iinporlant  to  note  that  in  the  application  of  any  form  of  test  input  design  process  initial  estimates  must 
be  available  for  the  parameters  to  be  determined  by  system  identification.  Ihe  design  of  truly  optimal  inputs 
is  thus  impossible  and  Ihe  process  of  selecting  Ihe  most  appropriate  form  of  test  input  is  thus  an  iterative  one. 
An  experienced  lest  pilot  can  provide  valuable  assistance  in  the  process  of  searching  for  the  best  input  for  a 
particular  application.  It  should  be  noted  that  since  the  response  following  the  application  of  the  lest  input  is 
dominated  by  the  natural  modes  the  run  length  required  for  estimation  of  stability  dcrivaiives  is  generally 
greater  than  that  needed  if  only  control  derivatives  are  to  be  estunated.  The  AII-64,  BO  11)5,  and  .SA-330  (light 
data  used  by  the  Working  Group  contained  three  dilTercnl  types  of  control  input  wavefonns:  doublets,  321 1  's, 
and  frequency  sweeps.  Fach  of  these  types  of  inputs  were  used  to  perform  system  identification  by  at  leasl  some 
of  the  Working  Group  members,  i'hc  purpose  of  this  study  is  to  examine,  in  the  frequency  domain,  the  effects 
of  control  input  design  on  the  identification  results.  Since  all  three  input  types  were  available  in  the  BO  105 
data  base,  the  comparison  will  make  use  of  this  data  source. 

(figure  5.2.1  shows 

♦  the  input  autospcctrum  of  each  of  the  three  input  types, 

•  the  identified  roll  rate  due  to  lateral  stick  frequency  respon-ses  for  each  of  the  three  types  of  inputs.  Mag¬ 
nitude,  phase,  and  coherence  are  given. 

The  input  autospcctrum  indicates  the  frequency  distribution  of  the  input  excitatioa.  Broad  band  excitation,  as 
indicated  by  a  fairly  flat  input  autospcctrum,  is  a  goal  of  input  design  for  system  identification.  'I’hc  coherence 
function  may  be  interpreted  as  that  fraction  of  the  output  autospectnim  which  may  be  accounted  for  by  linear 
relation  with  the  input  autospectrum  (Olnes  et  al.,  1978,  [5.2.9])  and  is  therefore  a  good  measure  of  successful 
excitation  as  a  function  of  frequency  (  rischler,  1987,  [5.2.8]).  Factors  which  may  cause  the  coherence  function 


to  drop  below  the  ideal  value  of  unity  are:  non-lmearitica  in  the  aystcm  to  be  identified,  process  noise,  and  lack 
of  input  power  and/or  lack  of  response  power  (Bendat  et  al..  1980,  [5.2.10];  1986,  [5.2.1 1]). 

Examination  ol'  Figure  5.2. 1  reveals  larger  values  of  coherence  over  a  wider  frequency  range  for  the  sweep  data 
compared  to  the  other  two  input  types.  This  is  particularly  true  at  very  low  frequencies  (  <  1  rad/s)  and  high 
frequencies  ( >  10  rad/s).  Comparison  of  the  input  autcspectrum  curves  shows  that  the  drops  in  coherence  for 
the  doublet  and  321 1  inputs  correspond  in  frequency  to  drops  in  input  power.  This  lack  of  input  power  causes 
the  frequency  response  curves  for  the  doublet  and  321 1  inputs  to  appear  less  smooth  than  the  sweep  results  for 
frequencies  between  5  and  7  rad/s  and  to  diverge  from  the  sweep  results  at  low  frequency.  CJcncrally,  larger  and 
less  variable  coherence,  as  well  as  relatively  smooth  and  Urong  input  power  over  a  wide  range  of  frequencies, 
makes  the  frequency-sweep  results  more  favourable  for  use  in  system  identification.  Ihe  primary  drawback  of 
such  inputs  is  their  longer  duration. 

It  is  interesting  and  somewhat  surprising  to  note  that,  despite  its  larger  input  power  at  most  frequencies,  the 
3211  input  yields  a  frequency  response  with  generally  lower  coherence  values  than  that  produced  with  the 
doublets.  This  is  particularly  true  fur  frequencies  less  than  1  rad/s  and  can  also  be  seen  at  frequencies  greater 
than  10  rad/s. 

Comparing  the  frequency  response  results  in  the  2  to  3  rad/s  range  wc  see  distinct  differences  in  the  response 
characteristics  despite  liigh  coherence  values  for  all  three  input  types.  The  resulting  dutch-roll  mode  for  the 
321 1  result  appears  to  be  more  heavily  damped  than  that  foi  the  doublet  result  but  less  damped  than  that  for 
the  sweep  result.  Since  the  doublet  and  frequency  sweep  input  autospeclra  are  practically  of  the  .same  magni¬ 
tude  in  this  frequency  range  this  result  cannot  be  explained  simply  as  a  non-linear  dependence  on  input  mag¬ 
nitude,  but  perhaps  there  is  a  dependence  on  input  shape. 

What  can  be  .said,  however,  is  that  a  model  derived  from  frequency  sweep  data  and  llicn  verified  with  doublet 
data  will  appear  to  be  overdamped.  Indeed  this  was  the  experience  of  the  AI  DD  during  its  identification  and 
venficalion  work  v/ilh  the  BO  105  data,  flris  is  illustrated  in  Figure  5.2. 2. 

Another  interesting  result  of  this  study  is  that  the  identified  response  characteristics  of  the  flapping  modes  for 
the  doublet  and  321 1  type  inputs  are  very  similar  damping  and  natural  frequencies  (approximately  14  rad/s) 
while  the  frequency  sweep  result  is  slightly  less  damped  and  has  a  natuial  frequency  closer  to  15  rad/s.  Again, 
the  discrepancy  may  reflect  dependence  on  the  input  shape. 

Comparison  of  the  frequency-response  identification  results  for  different  input  types  shows  that  significant 
differences  in  the  identified  results  may  occur  when  input  characteristics  are  changed,  111656  differences  must 
be  kept  in  mind  when  conducting  identification  and  verification  and  v/hen  comparing  results. 

5.2.4  Conduct  uf  Might  Experiments 

Calm  air  is  e.ssential  for  accurate  system  identification.  Gust  or  turbulence  influences  usually  cause  significant 
problems  during  the  data  evaluation.  In  principle,  tecluiiqucs  like  the  Maximum  likelihood  method  (incor¬ 
porating  a  state  estimator  like  a  Kalman  filter)  are  able  to  account  for  process  and  measurement  noise, 
assuming  certain  statistical  characteristics.  For  fixed  wing  aircraft,  such  approaches  have  demonstrated  their 
utility  for  the  identification  of  3  DoF  models  from  flights  in  turbulent  air  (Jategaonkar  et  al.,  1987  [5,2.'2]). 
For  lielicopter  models,  however,  With  a  higher  number  of  unknowns  to  be  determined,  such  successes  1  ive 
not  yet  been  obtained.  As  rotorcraft  identification  is  already  complicate  in  itself,  it  is  advisable  to  avoid  prob¬ 
lems  due  to  atmospheric  disturbances.  But  what  is  considered  as  'calm'  air''  Usually  the  flight  test  engineer  has 
to  rely  on  pilot's  comments  and  judgement.  So.  if  possible,  the  best  way  to  conduct  the  tests  is  for  the  pilot 
to  be  asked  to  find  an  area  with  favourable  c.mditions  and  to  apply  some  test  inputs.  1  hen,  telemetiy  data  are 
additionally  u  .ed  on  the  ground  to  check  the  data  for  any  turbulence  effects 

Muring  the  first  flight,  some  time  is  needed: 

I.  To  familiarize  the  pilot  with  the  .specific,  tests. 

riiis  includes  the  aircraft  trim  at  the  desired  fliglit  condition,  the  generation  of  the  control  input  signal 
either  manually  or  by  any  control  input  device,  and  the  retrim  of  the  aircraft. 

2  To  train  regarding  the  shape  and  timing  of  the  control  input  signal,  if  it  is  generated  manually  by  the  pilot. 

3.  To  determine  appropriate  control  input  amplitudes. 

For  the  identification  usually  locally  linearized  models  are  applied  that  are  only  valid  for  small  perturba¬ 
tion  maneuvers,  large  response  amplitudes  violate  this  assumption  and  lead  to  the  problem  of  suitable 
nonlinear  model  foimubtions  and  their  more  compbeated  identification 

4.  To  check  the  instrumentation  system  and  to  delect  and  eliminate  any  measuTcineiit  errors  using  (for 
example)  quick-look  evaluations  and  first  consistency  analyses. 


I'or  a  reliable  system  identification  it  is  necessary  to  apply  control  inputs  that  sufficiently  excite  the  airc.aii 
modes  of  interest.  Input  signals  like  doublets,  ^211,  or  sweeps  have  become  standard.  ITtcre  are  arguments 
whether  these  signals  should  be  generated  by  the  pilot  or,  if  possible,  by  an  electronic  device  (I'ischler  et  al., 
1987,  [5.2.13]).  When  the  signal  shape  is  not  too  complicated,  pilot  involvement  scem.s  to  have  some  advan¬ 
tages.  It  was  shown  ihat  after  a  training  phase  a  pilot  can  fly  such  signals  with  the  required  accuracy.  His 
expertise  and  possible  suggestions  for  alternatives  (eg.  in  the  sequence  of  the  controls,  when  more  than  one  is 
used)  arc  valuable.  Pilots  also  prefer  to  be  actively  involved  as  they  have  a  belter  control  of  the  test  and  arc 
more  prepared  to  react  to  unexpected  situations.  Tests  in  more  unstable  flight  conditions  or  longer  lasting  test.s 
also  often  require  some  additional  control  inputs  to  stabilize  the  aircraft  and  to  keep  the  amplitudes  within  the 
small  perturbation  range.  This  can  easily  be  accomplished  by  a  pilot  using  pulse  type  i:ontrol  inputs.  A  SAS 
would  work  with  a  continuous  feedback  and  consequently  can  cause  unwanted  high  input/output  correlations. 

A  practical  way  for  pilots  to  generate  control  inputs  miglit  involve  the  following  procedure  as  exercised  in  the 
BO  105  fliglit  tests: 

1  the  main  pilot  trims  the  aircraft  in  the  prescribed  flight  condition. 

2.  the  copilot  generates  the  input  signal  for  the  desired  control  with  hands-nff  for  the  other  controls.  During 
this  phase,  the  main  pilot  flics  practically  hands-off  but  is  prepared  to  react  to  any  unexpected  situation. 

3.  at  the  cm  of  the  test,  the  main  pilot  retrims  the  aircraft. 

Such  an  approach  is  helpful  in  ensuring  that,  as  far  as  possible,  correlation  between  the  control  inputs  is 
avoided  (except  for  the  stick  with  some  coupling  between  longitudinal  and  lateral  stick).  Althougli  described 
in  terms  of  a  situation  involving  a  pilot  and  a  copilot  the  procedure  can  easily  be  modified  for  a  single  pilot. 

During  the  test,  the  engineer  on  the  ground  carefully  observes  the  fliglit  test  data  provided  via  telemetry.  At  the 
end  of  each  test  he  has  to  decide  whether  the  te.st  was  a  'good'  one  or  has  to  be  repeated  Criteria  arc  the 
accuracy  of  the  trim,  the  quality  of  the  input  generation,  the  excursions  from  the  trim  condition,  the  data  ran 
length,  disturbances  (turbulence)  during  the  test,  and  others.  Althougli  it  higlily  depends  on  the  specific  te.st 
and  the  considered  aircraft,  a  useful  guideline  may  be  that  the  run  duration  should  at  least  be  about  25  to  30 
seconds  when  lower  frequency  modes  have  to  be  Idcntifled,  an.d  that  the  pitch  and  roll  attitude  angles  should 
not  exceed  about  20  to  25  degrees  from  trim  to  stay  within  small  perturbations.  After  each  test,  pilot  and 
ground  engineer  hriefly  exchange  their  comments  before  the  next  test  is  defined.  In  any  case,  each  test  should 
be  repeated  (if  possible  twice,  but  at  least  once)  to  provide  some  data  redundancy  for  the  evaluation.  Usually, 
a  large  part  of  the  total  flight  test  costs  occur  ixhcn  the  aircraft  is  still  on  the  ground  (instnimcntation,  cali¬ 
bration,  trouble  shooting,  adverse  wcatlici).  Savings  obtained  from  reducing  flying  hours  arc  only  small  in 
comparison  to  the  total  costs.  I'hcrcfote,  in  order  to  obtain  a  comprehensive  data  base,  every  effort  should  be 
made,  while  in  tfie  air,  to  collect  as  much  usable  data  as  possible. 


5.2,5  Procedures  Following  Flight  Experiments 

Activities  immediately  after  a  flight  test  can  be  divided  into  operational  a.spccts  for  preparing  the  next  fliglit  and 
the  checking  of  the  measured  data. 

As  with  other  forms  of  fliglit  tests,  careful  dc-hriefing  must  lie  earned  out  to  assess  any  problems  encountered. 
Mere,  pilots'  more  detailed  comments  about  the  fliglit  and  suggestions  for  modifivalions  arc  taken  into  account 
in  the  planning  of  the  following  flights  In  addition,  the  aircraft  must  be  prepared  for  the  next  tests.  This 
includes  a  routine  safety  check,  refueling,  or  any  modifications  (like  additional  weiglits)  to  meet  weight  and 
CilG  location  requirements. 

It  is  extremely  important  to  do  as  much  evaluation  as  possible  with  the  latest  measured  data  to  make  sure  that 
they  can  be  used  for  identification.  Often,  the  data  are  recorded  on  board.  Riglit  after  the  aircraft  landing  these 
data  must  be  checked  for  their  suitability  and  measurement  quality.  'I’his  is  not  a.n  easy  task  and  it  is  often 
neglected  or  not  done  carefully  enough  under  the  time  pressure  for  the  next  scheduled  tlight.  In  consequence, 
measurements  later  tom  out  to  be  useless  or  they  require  much  cflort  for  defining  meaningful  corrections  and 
reconstructions. 

'I  he  data  quality  check  should  at  least  include  a  thorough  visual  inspection  of  time  history  quicklouk  plots  of 
all  data  needed  for  the  identification.  Data  errors  like  dropouts,  satuiaiion,  large  offsets,  non-realistic  noise 
level,  or  the  absence  of  a  signal  can  easily  be  seen.  If  possible,  a  fust  data  consistency  analysis  should  be  used 
as  it  helps  in  finding  more  'hidden'  errors,  like  sign  inversions,  scale  factors,  and  biases.  Sources  for  such  errors 
are  mostly  in  the  instrumentation  or  data  processing  units  and  must  be  eliminated  before  the  next  fliglit  test 
can  be  conducted.  In  addition,  a  detailed  data  inspection  should  confirm  which  data  runs  seem  to  be  suitable 


for  the  identification.  Then,  the  next  flight  tt;st  program  can  be  defined  with  new  test  conditions  and,  if  neces¬ 
sary,  repeats  of  previous  runs. 
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5.3  •nstnimentation  and  Data  Processing^) 


S.3.1  IiDroduclion 

Independent  from  the  actually  applied  method,  the  general  system  identification  approacn  is  always  based  on 
the  same  principle:  the  measured  inputs  and  outputs  of  a  system  arc  used  to  extract  the  unknown  system 
characteristics.  There  are  many  dllTerenccs  in  the  complexity  of  identification  Iccliniqucs  and  their  rcijuirc- 
mmts:  'parametric'  methods  need  an  a  priori  knowledge  of  the  model  structure  and  often  parameter  starting 
v.'lucs,  whereas  'nonparam.etric'  methods  (c.g.  spectra  analysis)  work  without  model  structure.  But  all  methods 
rely  on  the  information  provided  by  tiie  amplitude  and  phase  relationship  hetween 

•  the  measured  control  inputs  and 

•  the  measured  system  response. 

Consequently,  errors  in  the  measurements  must  also  cause  cirors  in  the  identification  and  it  is  evident  that  an 
appropriate  instrumentation  is  necessary.  Although  methods  to  detect  errors  and  to  correct  or  even  completely 
reconstruct  unreliable  measurements  have  been  developed  and  arc  successfully  applied,  they  cannot  avoid  that 
infoimaiion  is  lost  that  could  have  been  provided  by  accurately  measured  data. 

In  the  following  it  is  concentrated  on  the  system  identification  carried  out  in  the  Working  Group.  Ihe  required 
measurements  arc  briefly  summarized,  some  typical  problem  aicas  and  sensor  characteristics  arc  discussed  in 
more  detail,  and  the  m.ain  data  processing  steps  are  addressed. 


5.3.2  Required  Mcasuretnents 

In  the  Working  Group  it  was  decided  to  concentrate  on  the  identificaiion  of  a  lincat  rigid  body  hclicoptci 
model  witli  six  degrees  of  Ifccdom.  It  is  given  by  a  system  of  eight  coupled  first  order  difl’ercnlia]  equations: 

ir  =  Ax  +  Bu  (5.3.1) 

with  the  state  vector 

x’^  =  (o.  V,  w.  p,  q.  r.  (J),  0).  (5  3.2) 

and  the  control  vector 

•^lat'  '^coi'  (5.3.3) 

Tlie  measurement  (or  ob.servation)  vector  y  defines  the  measured  variables  to  b  comi>arcd  to  the  calculated 
model  response.  Gr  from  an  identification  point  of  view:  the  parameters  of  the  model  wjl!  be  modified  to  obtain 
the  best  possible  agreement  between  the  model  response  and  the  mcasurcmcnl  vector.  Ilic  ineasurcmcat  vector 
is 

y  =  C*  +  Du  (53.4) 

The  variables  to  be  mcludctl  In  the  measurement  vector  can  to  a  certain  extent  he  chosen  by  the.  analyst.  In 
general,  the  measured  stale  variables  are  used  or  equivalent  data  like  dynamic  pressure,  angle  of  attack,  and 
sideslip  angle  m.stcad  of  the  speed  components.  In  addition  (or  eventually  in  repheement)  however,  measure¬ 
ments  like  linear  and  rotational  accelerations,  or  helicopter  position  data,  etc.  can  also  be  included.  There  are 
close  relationships  between  instrumentation,  observed  variables,  and  parameter  identification: 

1.  In  any  case,  the  measurement  vector  and  the  helicopter  instnimcnlalion  are  directly  dependent  from  each 
other.  Usually,  the  instrumentation  is  given  and  the  observed  variables  can  only  be  selected  from  the 
available  measurements.  The  request  for  additional  measurements  ofter.  leads  to  an  extension  of  the 
instrumentation. 

2.  The  selection  of  the  consider  measurements  can  have  a  significant  effect  on  Ihe  identified  paramelcis  .and 
the  model  validity.  When  only  measurements  dominated  by  the  low  frequency  helicopter  characteristics 
are  chosen,  like  speed  components  and  attitude  angles,  the  model  will  give  a  good  representation  of  the 
lower  frequency  range  but  it  can  be  less  accurate  for  higher  frequencies.  The  opposite  result  will  be 
obtained  by  the  use  of  mainly  higher  frequency  data  like  accelerations  and  rales.  Although  it  depends  on 


’)  Principal  Author:  J.  Kalelka,  IZl.R 


59 


the  intended  application  of  the  model,  it  is  in  general  advisable  to  use  both  data  groups  in  the  observation 
equations. 

For  the  .six  degrees  of  freedom  rnodch  like  they  were  used  in  the  Working  Group,  a  'slandard'  set  of  suitable 
variables  to  be  measured  can  be  rctoininended: 

1 .  controls 

2.  airspeed  data 

•  speed  components  in  longitudiiial,  lateral,  and  normal  direction  (o.  v,  w), 
or 

•  airspeed,  angle  of  attack,  and  angle  of  sideslip  (I/,  a.  /?). 

3.  angular  information, 

•  rates  (p,  q,  r), 
and 

•  roll  and  pitch  attitude  ((J).  0), 

4.  acceleration  information 

•  linear  accelerations  (a^.  a^,  a^), 
and  optionally 

•  rotational  accelerations  (p.  q.  r). 

Ihe  measurement  of  helicopter  rotational  accelerations  i.s  difficult  and  often  not  available.  'I'hercforc, 
differentiation  of  the  measured  rates  is  probably  more  appropriate. 

Usually,  helicopter  instrumentation  systems  can  easily  provide  these  mciisurements  (see  documentation  in  the 
chapter  4  on  AOARD  Workin/^  Group  Data  Base),  There  is  no  specific  preference  for  an  instrumentation  con¬ 
cept,  like  inertial  system  packages  or  individual  sensors.  In  any  case  il  is  absolutely  necessary  to  know  the 
sensor  characteristics  and,  probably  even  more  important,  the  data  processing  like  filtering  and  sampling  rates, 
that  is  done  along  the  data  flow  from  the  sensor  to  the  data  recording.  For  commercially  available  mstrunien- 
tation  nackaoes  -f  Is  oflcn  diflicult  to  obtarr.  more  detailed  infoiTnatioii.  FiOiii  ibis  poiiii  of  view  some  advan¬ 
tages  arc  seen  in  the  use  of  individually  installed  sensors.  ITiey  can  also  provide  more  redundancies  in  the 
measurements  which  can  be  used  for  data  quality  investigations. 

A  high  measurement  accuracy  is  the  dominant  requiiemcnt  for  sy.stcin  idcntilicatinn  I  he  transducers  u.scd  for 
the  measurements  of  control  positions,  linear  accelerations,  rates,  and  attitudes  arc  usually  potentiometers  or 
synchros,  linear  accclerotneters,  .and  gyro.s.  The  today  available  sensors  generally  provide  hig.*!  accuracies  and 
arc  appropriate  for  idcntificatioii  purposes.  However,  when  transducers  arc  !.clcclcd  and  ins  .ailed,  emphasis 
should  be  placed  on  two  aspects: 

•  the  measuring  range  has  be  chosen  to,  on  one  hand,  provide  a  high  signal  rc.solutiou  and  accuracy  and, 
on  the  other  hand,  avoid  signal  saturation  for  the  planned  flight  test  cxpcrimenlR. 

•  cross  axis  sensitivities  can  generate  significant  problems  and  must  be  kepi  as  small  a.s  pos.siblc  I  hey  tan 
be  call  ed  by  both,  scn.sor  charactcri.stic.s  and  installalion  ntisaligmncnts. 

hi  contrast  to  the  measureiirents  of  accelerations,  rates,  attitude  angles,  and  control  positions,  il  is  problematic 
to  obtain  reliable  airspeed  data.  I  his  subject  will  be  discussed  in  more  detail  in  the  following  section  on  prohlem 
areas  (section  5.3.41. 

5.3.3  On-board  Data  Processing 

F.xtensive  on-ooard  data  processing  is  needed  for  all  processes  that  arc  based  on  tlic  immediate  availabilityof 
measurements.  Such  on-line  data  processing  is  for  example  a  prerequisite  for  control  systems,  ranging  from 
mode  stabilization  up  to  iri-llighf  simulation.  As  rolorciaff  system  identification  still  is  an  off-line  procedure, 
no  specific  on-board  data  processing  is  required  cxrepl  for  the  standard  signal  conditioning  steps  converting 
sensor  signals  to  the  appropriate  format  for  data  recording.  They  include  all  modifying  operations  applied  to 
signals  like  the  adaption  of  transducer  outputs  to  the  input  requirements  of  the  data  handling  system  (e.g. 
synchro  to  analogue  conversion),  signal  amplification,  filtering,  multiplexing,  digilirntion,  and  data  recording 
(often  on  board  of  the  uircrafl  to  avoid  disturbances  from  the  telemetry).  The  data  conditioning  is  certainly 
necessary  and  helps  to  maintain  the  data  quality.  However,  some  of  the  procedures  can  significantly  modify  the 
original  sensor  output  data. 


I'or  system  identification,  care  mu.st  iw  talcen  with  analogue  (anti-aliasing)  filters,  causing  phase  shifts,  and  with 
data  sampling  where  data  are  scarmed  sequentially  with  lime  delays  between  the  individual  channels.  These 
cffcct.s  can  be  corrected  during  the  furthci  data  processing.  However,  it  is  evident,  that  the  analyst  must  know 
exactly  what  has  happened’  to  the  data.  Only  then,  appropriate  corrections  can  be  made.  In  practise,  here  is 
quite  often  the  main  gap:  the  instrumentation  engineers  arc  not  informed  of  the  data  requirements  for  a  specific 
evaluation  and  the  analy.sts  are  not  aware  of  the  data  conditioning  steps  that  can  alre.ady  have  deteriorated  the 
data  for  their  applications.  Therefore,  a  close  cooperation  and  a  detailed  information  exchange  between  the.sc 
two  groups  is  absolute  necessary.  It  can  be  mote  important  than  increasing  a  sensor  accuracy  by  another  tenth 
of  a  percent  in  order  to  generate  more  reliable  data 


5.3.4  Problem  Areas 

•Some  of  the  typical  problem  areas  in  helicopter  flight  data  measurement  were  also  seen  in  the  data  provided 
to  the  Working  Group.  Ihcy  are  mainly  due  to  helicopter  and  sensor  characteristics  but  also  can  occur  during 
the  signal  conditioning.  Some  cx,amplc3  arc  illustrated  in  more  detail: 

1 .  Airspeed  measurement 

Ihe  conventional  sources  for  air  data  measurement  are  vanes  and  pressure  probes.  They  were  originally 
developed  for  fixed  wing  aircraft  and  a'c  also  used  for  helicopters.  Rotorcraft,  however  pose  special 
problems  in  accurate  sensing  of  ait  data;  ’Ihe  sensors  have  to  be  installed  on  a  relatively  long  boom  to 
keep  them  away  from  main  rotor  wakes.  Ihe  boom  must  be  quite  stiff  to  avoid  oscillations  excited  by  the 
helicopter  vibration.  With  decreasii/g  speed,  pressure  measurements  become  more  and  more  inaccurate 
and  near  hover  both,  pressure  tubes  and  vanes  cannot  be  used  at  all.  Although  these  deficiencies  arc 
obvious  and  well  known,  only  a  few  air  data  systems  are  available  that  were  designed  to  also  operate  in 
the  low  speed  regime  of  helicopters. 

'Ihe  AII-64  and  the  SA-330  use  a  boom  to  provide  air  data.  Tor  the  flight  conditions  considered  in  the 
Working  Group  (1?0  kn  for  the  AII-64  and  80  kn  for  the  SA-330)  the  sy.stems  gave  good  measurements. 
(Tlie  AH-64  is  additionally  equipped  with  a  low  range  airspeed  system.  These  d,ata  however  were  no* 
provided  to  the  Working  Group). 

1  he  BO  105  uses  a  helicopter  air  data  system  It  consists  of  a  swivelling  pitot  static  probe  installed  at  the 
fu.sclage  close  to  tlie  rotor.  l  or  low  speed  it  is  designed  to  work  within  the  rotor  downwash.  Measure¬ 
ments  are  dynunic  pressure  and  probe  angle  of  attack  and  sideslip.  Tor  the  flight  condition  considered  in 
the  Working  Group  (80  kn)  the  sensor  is  out  of  the  rotor  downwash  and  aligns  with  the  total  flow,  Ihc 
measurements  however  show  that  rotor  wake  iiitetfcrences  cannot  be  avoided  in  dynamic  flight  manoeu¬ 
vres.  Figure  5.3.1  shows  the  helicopter  response  due  to  a  iongiludinal  stick  doublet  input.  In  the  speed 
data,  and  particularly  in  the  lateral  speed,  significant  disturbances  art  seen,  Tliey  are  caused  by  rotor  wakes 
that  'hit'  the  sensor  when  the  helicopter  pitches  nose-down.  Then,  the  sensor  rotates  to  the  left  and 
indicates  a  high  sideslip  angle  and  con.scqucnily  a  high  sideward  5ix;ed  In  the  signals  this  effect  is  seen  like 
a  data  diop-oul.  It  can  last  for  even  a  few  seconds  until  the  sensor  is  in  undisturbed  flow  again. 

2.  Measurement  of  linear  accelerations  and  rates 

In  general,  all  measurements  of  the  helicopter  motion  are  influenced  by  a  high  vibration  level.  This  is 
particularly  true  lor  the  linear  accelerations  and  the  tates.  Tor  HO  105  data  obtained  front  a  longitudinal 
stick  control  input  Ifigure  5.3.2  first  presents  the  actually  measured  unfiltcrcd  data,  'llien,  o  the  same 
scale,  it  shows  the  data  after  Iteiiig  filtered  by  a  digital  low-pass  filter  with  a  cut  off  frequency  of  12.5  Hx. 
ITom  the  comparison  it  tan  be  seen 

•  the  high  frequency  noise  (mainly  blade  harmonics)  can  easily  be  removed  by  low-pass  filters.  A.t 
system  identification  results  are  very  sensitive  to  phase  errors,  zero-phase  shift  digiti  filters  should 
used. 

•  for  the  linear  accelerations  (and  in  particular  the  forward  and  sideward  accelerations)  there  is  a  very 
low  signal-to-noisc  ratio.  In  this  test,  the  helicopter  forward  and  sideward  accelerations  arc  less  than 
0  5  m/s  .  (In  general,  helicopters  caruiot  produce  large  linear  accelerations,  except  for  the  vertical 
axis).  The  vibration  level  on  the  data  is  more  than  5  m/n*  and  reaches  even  higher  values  in  other 
flight  conditions  (flare  and  hover).  Consequently,  the  measuring  range  of  the  accelerometers  is 
practically  defined  by  the  vibration  levels,  Titerefore,  tlie  BO  105  was  equipped  with  sensors  of  a 
±12  m/s  range  for  a,  and  a^.  /Vlthough  the  'useful'  part  of  the  signal  is  less  than  5  %  of  the  total 
sensor  range  a  high  accuracy  is  required  for  system  identification. 
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|•ortunat<;ly,  linear  accelerorrietcrs  belong  to  the  best  sensors  in  an  aircrall  instnunentation.  l  liey 
have  a  high  linearity  and  resolution  with  only  smalt  hysteresis  and  work  in  a  wide  bandwidth  without 
significant  phase  errors.  Nevertheless,  the  sr  >sor  range  should  carefully  be  selected  to  avoid  satu¬ 
ration  and  still  to  provide  a  high  signal  resolution. 

Helicopter  responses  due  to  control  inputs  arc  primarily  rates  (not  linear  accelerations).  Therefore, 
the  'useful'  signal  in  the  rate  measurements  is  .still  dominant  although  it  is  also  highly  deteriorated 
by  the  helicopter  vibration.  I'ogethcr  with  linear  accelerometers,  rate  gyro.s  have  reached  a  high 
quality  and,  for  the  identiiication,  rales  ccrtainlv  belong  to  the  most  accurate  and  important  meas¬ 
urements. 

.1.  Measurement  of  rotational  accelerations 

Rotational  accelerations  where  only  measured  in  the  AH-64  Pot  the  identificalion  they  are  useful  as  they 
provide  more  high  frequency  information  for  the  determination  of  the  moment  equations.  Pigurc  5..1..1 
first  shows  the  measured  roll  and  pilch  accelerations  due  to  a  longitudinal  control  input.  The  higli 
vibration  level  is  obvious.  Then,  the  filtered  data  (digital  filter,  12.5  Hz  ent-off  frequency)  arc  plotted 
together  with  data  that  were  obtained  by  difTcrcnliating  the  measured  rates.  11)0  agreement  is  very  good 
and  proves  a  high  consistency  although  the  measurements  .still  show  a  higher  noise  level.  It  cannot  yet 
finally  be  answered  how  helpful  measured  rotational  accelerations  can  be  for  the  identification  in  com¬ 
parison  to  dLTcrentiated  signals  obtained  from  accurately  measured  rates. 

4.  Measurement  of  the  control  inputs 

The  influence  of  data  errors  on  the  identifieation  results  also  depends  on  the  applied  identification  tech¬ 
nique.  least  Squares  equation  error  methods  assume  that  all  variables  arc  accurate  whereas  more  complex 
output  error  Iccluiiques  allow  measurement  errors  on  the  response  variable,?.  All  techniques,  however, 
fully  rely  on  accurately  measured  control  inputs  and,  at  best,  can  compensate  for  noise  on  the  measure¬ 
ments.  Although  it  is  relatively  easy  to  measure  the  control  ijositions,  there  are  two  main  error  sources: 
signal  resolution  and  sensor  position. 

'Ihe  control  inputs  for  system  identiiication  purposes  are  usually  small  to  allow  a  linearised  model  for¬ 
mulation,  whereas  the  sensors,  e.g.  potentiometers,  normally  measure  the  full  range  of  the  controls.  Tor 
the  ideriufiCaiioii  data,  ii  must  be  made  sure  that  the  range  of  interest  is  sujlicientiy  resolved. 

Control  positions  are  often  measured  at  the  pilot  controls.  When  they  arc  used  in  the  identification  the 
characteristics  of  the  (mechanical)  linkage  and  of  the  hydraulic  system  have  often  to  be  neglected. 
Attempts  to  model  and  identify  effects  like  backlash,  flejiibility,  hydraulic  characteristics  lead  to  highly 
non-linear  models  and  significantly  complicate  the  identification.  Therefore,  it  should  be  tried  to  measured 
the  control  inputs  as  close  to  the  rotor  as  possible.  In  any  case,  the  measurement  must  be  related  to  the 
control  input  at  the  blades.  When  feedback  systems  are  engaged,  the  sum  of  botli,  the  pilot  inputs  and 
the  control  system  activity,  must  be  measured  unless  both  inputs  arc  provided  sepiuatcly. 

Tor  the  AH-64,  measurements  of  the  hydraulic  actuator  positions  at  the  main  rotor  (or  tail  rotor) 
swa!ihplatc  were  given.  These  locations  have  the  advantage  of  being  close  to  the  rotor  but  still  in  the 
non-rotating  system. 

(■or  the  BO  105,  stick  deflections,  collective  lever,  and  pedal  positions  were  used.  Control  linkage  effects 
were  assumed  to  be  negligible  and  the  hydraulic  system  was  supposed  to  be  represented  by  a  time  delay 
or  time  constant  on  the  control  measurements.  Specific  measurements  have  shown  that  these  assumptions 
can  be  justified. 

The  SA-330  data  base  gave  control  positions  obtained  from  three  dilferent  locations.  However,  except 
from  pilot  controls  (similar  to  the  Bt)  105)  the  other  data  were  obtained  in  the  rotating  system  at  only 
one  control  rod  and  one  blade  root  A  transformation  into  the  fixed  axis  system  was  not  given  For 
dynamic  tests,  it  also  seems  to  be  necessary  to  include  at  least  three  blade  control  angles  to  derive  three 
controls  in  the  non-rotating  system.  'ITerefote,  the  inputs  measured  at  the  pilot  position  were  used  for  the 
identification. 

5.  Signal  Cltcrini 

As  some  measurements  of  the  helicopter  motion  are  very  noisy,  low-pa.ss  filtering  is  usually  applied  before 
the  data  are  used  for  system  identification.  It  must  be  taken  into  account  that  analogue  filters  not  only 
reduce  the  high  frequency  amplitudes  but  also  influence  the  phase  characlerist;cs  of  the  mea.suied  signal. 
In  particular  with  higher  order  filters,  the  phase  shiAs  can  already  be  significant  at  frequencies  far  below 


62 


the  filter  cut*off  frequency.  Considering  that  the  identification  is  based  on  the  amplitude  and  phase 
relationship  between  the  individual  measurements  it  is  quite  obviotis  that  filters  can  strongly  deteriorate 
identification  results  and  even  render  them  unusable.  ITierefore,  it  is  absolutely  necessary'  that  all  meas¬ 
urements  are  passed  tlirough  identical  filters,  lliia  requirement  is  often  neglected  as  it  is  not  so  important 
for  most  data  evaluation  other  than  system  identification.  Only  when  zero-phase  sluft  filters  with  a  con¬ 
stant  gain  of  1.0  ii\  the  frequency  range  of  interest  arc  applied,  it  i.s  possible  to  filter  selected  measurement.s. 
Here,  digital  off-line  filters  ure  applied. 

When  sensors  with  integrated  (analogue)  filters  or  sensor  packages  (c.g.  inertial  sy.stems)  arc  used,  it  is 
essential  to  know  the  built-in  signal  proccs.iing.  As  an  example  f'igure  .S.3.4  compares  linear  acceleration 
measurements  obtained  from  an  'agUity'  sensor  package  and  from  individual  accelerometers.  Ibe  package 
signals  do  not  follow  the  more  dynamic  manoeuvre  part  in  the  data  when  the  corttrol  input  is  given.  A 
closer  view  also  showed  that  there  is  a  phase  lag  between  the  acccIcromctcr  and  the  package  data.  It 
indicates  that  some  strong  damping  or  filtering  was  done  in  the  agility  package  although  the  data  arc  .still 
very  noisy. 

For  the  identification  it  was  decided  to  use  the  individually  measured  linear  accelerations. 

6.  Signal  resolution 

I'or  system  identification  usually  only  small  amplitude  control  inputs  arc  applied  to  keep  the  helicopter 
response  so  small  that  linear  models  can  be  used.  When  the  amplification  or  scaling  of  the  data  is  based 
on  the  maximum  helicoptci  response  capability,  the  small  amplitudes  can  probably  not  be  rc.solved  sat¬ 
isfactorily  by  the  data  recording  system.  For  the  pitch  and  roll  attitude  response  due  to  latenTl  and  col¬ 
lective  control  inputs  fdgurc  5.3.5  demonstrates  that  the  digitization  of  the  vertical  gyio  signal  could  only 
resolve  about  0..^  degrees  per  bit.  As  the  tests  with  controls  other  than  collective  (e.g.  Ihc  sliown  lateral 
control  input)  produced  attitude  angles  between  20“  and  30“  the  resolution  errors  probably  do  not  affect 
the  identification  results  significantly  However,  such  problems  can  usually  be  avoided  when  signal 
amplification  is  based  on  the  expected  maximum  amplitudes  of  the  specific  tests. 

7.  Control  input  generation 

It  is  widely  agreed  that  for  system  identification  specific  control  inputs  should  be  used  to  properly  excite 
the  aircraft  modes.  Some  of  the  designed  input  signals  are  quite  complex  so  that  they  cannot  be  generated 
by  the  pilot  but  require  electronic  devices.  Only  the  AH'64  was  equipped  with  a  specially  designed  (»old 
Oscillator  Box  (GOB)  unit,  if  comrnanded  sinusoidal  frequency  sweeps  in  two  ranges  from  0  1  llz  to 
3  Hz  and  0.3  Hz  to  13  Hz.  For  the  BO  105  and  the  SA-330  only  pilot  generated  inputs  were  u.sed.  (In 
the  BO  105  a  lelatively  simple  display  was  instaJled.  It  showed  the  prescribed  signal  and  the  actual  control 
position.)  fhe  input  signals  used  in  the  Working  Group,  doublet,  multistep,  and  trcquency  sweep  could 
be  generated  by  the  pilot  without  any  real  difficulties.  It  proved  that  system  identification  docs  not  require 
an  electronic  control  input  device  when  rigid  body  models  have  to  be  identifieil.  It  is  only  needed  when 
frequencies  exceeding  the  human  capability  (more  than  2  Hz  to  5  Hz)  are  required. 


5.3.5  Off-line  Data  Processing 

'Ihe  off-line  data  processing  for  system  identification  purposc.s  mainly  includes: 

•  conversion  to  a  consistent  unit  system, 

•  detection  and  removal  of  data  drop  outs, 

•  low-pass  filtering, 

•  collections  for  the  centre  of  gravity,  and 

•  the  calculation  of  additional  variables. 

'I'he^e  procedures  are  standard  for  flight  testing  and  therefore  this  section  will  briefly  document  the  off-line  data 
processing  conducted  within  the  Working  Crroup  and,  for  completeness,  give  the  applied  equations. 

A  more  detailed  data  analysis  for  detecting  and  correcting  data  deficiencies  is  considered  as  a  first  essential  ta.sk 
in  data  evaluation  and  system  identification.  It  will  be  described  in  the  chapter  5.4  on  Data  eva/uatiort  and 
reconstruction. 


1.  Unit  system 

Tiic  mcasuremer.ts  needed  for  system  identification  were  converted  to  the  International  Unit  System  (S!) 
based  on  toeter,  second,  kilogram  and  radian  Control  displacements  were  ^ven  in  percent  with  lOO  per¬ 
cent  as  full  travel. 
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2.  Data  droo  outa 

When  data  dr<ip  niita  arc  rcrthctcd  to  only  a  few  samples  it  can  ho  justified  to  eliminate  these  samples  and 
reconstruct  a  new  value  by  interpolation  between  the  neighbouring  data.  Of  course,  this  technique  cannot 
reproduce  the  lost  data  However,  it  gives  a  more  realistic  value  for  the  sample  inste.ad  of  keeping  the  drop 
out  data.  It  is  also  the  only  [lossibility  to  avoid  even  mere  data  distortion  which  occurs  when  the  uncor- 
lectcd  measurement  is  filtered.  Tor  the  data  in  the  Working  CJroup  only  minor  work  had  to  be  done  to 
eliminate  diop-oiits. 

.1.  Digital  low-pass  filtering 

Problems  associated  with  analogue  filtering  have  already  been  addressed.  Analogue  filters  significantly 
influence  the  phase  where  th's  elTect  increases  with  higher  filter  order.  As  identification  result.s  are  vciy' 
■sensitive  to  phase  errors  it  al.ould  be  tned  to  reduce  analogue  filtering  as  much  as  po.ssibic  Here,  high 
sampling  rates  make  it  possible  to  ii.se  anti-aliasing  filters  with  a  high  cut-off  frequency.  When,  in  addition, 
these  filters  have  almost  identical  characteristics  their  influence  in  the  frequency  range  of  interest  is  small 
and  similar.  Then,  zero-phase  shift  digital  filtering  can  be  applied  to 

a.  eliminate  the  unwanted  higher  frequency  eft'ccts  and  noi.se,  and 

b.  to  reduce  the  sampling  rate. 

Ibis  appro.ich  was  consequently  used  for  the  measurement  of  the  HO  105  data,  where  almost  all  ana 
logue  filters  where  removed  Comparisons  of  the  obtained  data  to  previous  flight  test  measurcinenls  with 
strong  analogue  low-pass  filtering  clearly  showed  the  data  quality  improvcnionts. 

The  efficiency  of  digital  fillers  has  already  been  show  ui  lugure  5.3  2. 

4  Calculation  of  speed  components  at  the  sensor  position 

C.sing  the  measured  airspeed,  angle  of  attack  and  angle  of  sideslip  (V.  a.  /?)  the  longitudinal,  lateral,  ami 
normal  speed  components  at  the  sensor  position  (boom)  were  calculated  by 

t/g  =  V'  •  cos  a  •  cos  p 

(5,3  5) 

Wb  =  V  •  sin  a  •cm  p 
5.  Correction  for  CO  Position 

In  contrast  to  data  obtained  from  rate  and  attitude  gyros,  the  measurements  of  linear  acceleration, s  .and 
aerodynamic  data  are  influenced  by  the  distance  between  the  sensor  position  and  the  helicopter  centre  of 
gravity  (CG)  Ideally,  the.se  sensors  should  be  installed  at  the  CCi.  I.incar  accelerometer  locations  can  at 
least  be  close  to  the  CG  Air  data  sensors,  however,  are  usually  installed  far  in  front  of  the  aircraft  During 
dynamic  flight  tests  the  measured  signals  also  contain  acceleration  or  speed  components  due  to  the  lieli- 
copter  angular  motion.  Mathematical  models  a.s  used  for  system  idciitificalion  always  describe  the  foree.s 
and  moments  with  rc.spcct  to  the  I'.O.  [here  arc  two  different  approaches  to  handle  the  influence  of  the 
GG  location  on  the  tneasuicmcnts: 

a  the  measurement.s  are  corrected  for  CG  position,  or 

b.  in  the  measurement  equations  the  model  response  is  transformed  to  the  individual  sensor  location. 

In  the  Working  Group  the  first  approach  was  chosen. 

With  the  .sensor  locations  in 

x-direction  (positive  forwardl:  x^,, 

y-diiection  (positive  to  ttie  right): 

/■direction  (positive  downward): 

the  speed  components  at  the  CG  (u^^.  w^)  are  obtained  as 


''cg^%-Xm-r  +  Z^-P 

«'cg  =  «'b-y,b-p-h>„-q 


(53  6) 
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I'Dr  Uis  ci.rreclions  of  the  linear  accckfatioi'  meaaurc.T.cnts  the  rotr.tional  accelerations  (p,  q,  r)  arc 
needed.  When  no  measurements  arc  available,  differentiated  rates  arc  us'‘d.  I  hen,  the  linear  accelerations 
at  the  (XJ  (3„,.g, 

a<cQ  =  -  z„,  (j  1-  y„,  f  -  (y„,  p  -  I?)  q  +  /■  -  p)  r 

^  ”  ym  P  4  Xp.,  q  —  (.x^  r  —  p)  p  +  q  —  y^,^  r)  q 

Tor  llic-  helicoplcrs  studied  by  the  Working  (Jroup,  the  linear  aceclcronicicrs  were  located  clo.se  tu  the 
(Xf.  The  All-64,  however,  was  equipped  with  a  second  accelerometer  package  installed  at  the  pilot  seal 
position  with  a  distance  of  about  1.50  meters  from  the  CG.  ‘lo  demonstrate  the  influence  of  the  (still 
relatively  .small)  ofT-CXi  location,  Tigurc  5.3.6  shows  for  a  tail  rotor  input 

a.  the  uncorrected  and  the  (X?  corrected  longitudinal  accelerations  obtained  from  the  pilot  scat  sensor. 

b.  the  uncorrccted  and  the  <Xi  corrected  latcial  accelerations  obtained  from  tlic  pilot  .seal  sensor, 

c.  the  (  •(}  corrected  lateral  acceleration  obtained  from  the  pilot  seat  sensor  aiul  the  lateral  acceleration 
obtained  iVoni  the  (X.«  accclcroinclcr  package. 

C'oiisidering  that  ilic  helicopter  response  to  a  pedal  input  is  primarily  a  yaw  moiimi.  it  makes  sense  that 
the  longitudinjil  r'cceleration  is  not  much  influenced  by  the  CG  distance  I'hc  Lateral  acceleration  however 
clearly  shovvs  diffcmiices.  The  improvement  obtained  from  the  signal  correction  becomes  evident  in  the 
last  part  of  the  figure  where  the  sinals  obtained  from  the  different  sensors  arc  in  good  agreement. 

5.3.6  Summary 

As  far  as  the  availability  of  mcasurctncnis  is  concerned  it  ia  seen  that  the  ’nstiumcntation  sysicin.s  of  the  three 
hclif’optrrs  provide  more  signals  th^ji  usually  needed  for  system  identification  rh»‘  flight  trsts  have  .also  shtnvn 
that  no  specific  instnunentation,  like  electronic  control  input  boxes,  is  required.  1  o  generate  rclialdc  and  u.scful 
data  seems  to  be  more  a  task  of  properly  defined  measurement  ranges,  careful  data  processing,  ami  of  course 
the  fliglit  testing  itself,  in  conclusion  some  main  guideiiiics  can  be  given: 

1,  (xtntrol  inputs  can  be  generated  by  the  pilot.  Sotne  training  and  if  jKissiblc  a  display  type  device  are 
helpful,  lilcctronically  generated  inputs  with  a  direct  link  to  the  control  arc  not  necessary'  unleSvS  higli 
frequencies  arc  needed, 

2.  If  possible,  the  sensors  should  have  u  measuring  range  that  is  suitable  for  the  expected  signal  aniplitudes. 

If  analogue  filtering  of  .signals  is  applied  it  h  important  that  all  .signals  u.scd  for  the  identification  arc  filtered 
and  the  filters  have  identical  characteristics, 

4.  'Hie  signal  digili/ation  langc  should  be  defined  by  tlie  maxiinum  si^al  amplitude!;  in  the  tests  to  obtain 
a  good  signal  resolution, 

.5.  .Standard  data  processing  steps,  like  removal  of  drop  ouls,  digiial-Kiw  pass  filtering,  CXJ  correction,  etc., 
are  applicable  and  adequate. 
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Figure  5.3,1.  BO  !03  distortinns  in  airspeeri  measurement 
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Figure  5.3.6.  CC  correction  of  linear  accelerometer  measurements  (AH-64) 
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J".4  Data  Evaluation  and  Reconstruction'^) 


S.4.1  Introduction 

rhc  quality  of  the  measiirement  data  determines  the  quality  of  the  parameter  identification  results,  'fherefore 
it  is  of  the  utmost  importance  to  ensure  the  data  quality  before  any  attempt  at  identification  is  made.  In  prin¬ 
ciple  the  best  time  to  perform  data  quality  checks  is  in  dedicated  tests  before  or  during  the  actual  flight  tests: 
in  the  instrumentation  laboratory,  on  the  flight  line  and  during  instrumentation  check-out  flights.  Accurate 
determination  of  each  individual  error  effect  can  also  be  done  best  in  a  dedicated  test,  niese  tests  arc  ideally 
performed  with  a  computer  in  the  aircraft  to  reduce  the  loss  of  time  and  the  cost  of  fliglit  tests  with  inaccurate 
measurements. 

lire  evaluation  of  the  data  quality  from  existing  flight  lest  data,  as  was  the  case  for  the  Working  (iroup,  is 
generally  much  mote  difficult.  But  it  is  still  very  important  to  do  this  evaluation  for  the  following  reasons: 

1  -  A  particular  measurernent  channel  may  deteriorate  or  fail  during  the  course  of  a  flight  test  program. 

2.  A  specific  error  effect  may  only  he  present  during  actual  flight  tests,  such  as  static  jucssuie  distortions  in 

dynamic  flight  conditions  These  effects  can  only  be  determined  from  the  flight  tests 

1  or  the  members  of  the  Working  Ciroup  there  were  two  eatra  reasons  to  spend  a  considerable  amount  of  time 
on  the  data  quality.  The  first  reason  is  that  the  data  recordings  were  made  by  another  institute  Within  one 
institulc.  one  is  familiar  with  the  verification  procedures  in  use  by  the  instnimcnlatiim  department  and  one 
knows  how  far  they  can  be  relied  on  and  when  caution  is  needed. 

A  more  important  reason  is  the  fact  that  the  evaluation  of  the  data  quality  also  gives  a  good  feel  for  the  data 
content  It  gives  a  first  indication  of  the  actual  accuracy  of  ll.e  measi-rements  and  it  can  clear  up  misunder¬ 
standings  in  the  definition  of  measured  vanables  (e.g.  sign  conventions). 

Apart  from  complete  failure,  which  is  often  (but  not  always)  easy  to  spot  there  are  a  number  of  error.s  that  can 
occur: 

1.  Sensing:  the  transducer  may  not  sense  the  desired  quantity  directly,  for  example  a  static  pressure  may  lx; 
distortcxl  by  the  flow  around  the  aircraft. 

2  I  ransduccr:  change  in  bias,  sensitivity,  range.  Change  in  sensitive  axis  (misalignment),  hy.steresis,  output 
noise,  spikes. 

.1.  Data  acquisition  system:  changes  m  offset,  gain  and  range  in  the  analog  components,  such  as  amplifiers, 
pre-sample  fillers  and  AD  converters.  Change  in  filter  characteristics  of  the  pie  samplc  filters.  Bit  error.s 
in  the  me  vding  chain  (dropouts).  Time  shifts  and  other  phase  errors. 

Because  of  the  large  number  of  possible  eiror  sou-  i,  an  intimate  knowledge  with  the  characteristics  of  the 
instrumentation  system  is  absolutely  ncccssao  for  successful  correction  of  data  ersors. 

5.4.2  Irdinlqufs 

54.2.1  Data  hupectkin 

Visual  inspection  of  dataplots  is  an  important  first  step  in  the  evaluation  of  data  quaUty  The  measurements 
can  he  scrutinixed  for  obvious  errors  such  as  wrong  signs,  excessive  measurement  noise,  data  dropouts,  spikes 
and  missing  (or  even  switched)  data  chaimcls. 

In  addition,  frequency  domain  techniques  can  be  very  useful  for  data  quality  evaluation.  T.xainplea  aie: 

1  l  ime  shift  of  a  signal  can  be  determined  by  examining  the  slope  of  the  ph.  se  response  with  respect  to  a 
reference.  Ihis  method  is  very  sensitive,  but  it  is  most  useful  in  ground  checks,  because  it  may  be  dilficult 
to  find  a  suitable  reference  measurement  in  fUght.  Time  domain  modelling  can  also  be  used  to  determine 
time  shiA. 


*®)  Principal  Author:  i.  |3.  Dtecmin,  NLR 
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2.  !niti;>l  checks  of  compatibility  between  variables  may  be  quickly  performed  in  the  frequency  domairc  For 
instance  it  can  be  verified  that  q/Q  has  a  l/tu  frequency  response  charactenstic.  Sign  errors  are  also  easily 
detected  by  inspecting  the  phase  response. 

3.  The  coherence  function  can  be  used  to  ensure  that  both  input  and  output  signals  have  low  noise  contents 
and  are  well  correlated  with  each  other. 

4.  Noise  spectrum  can  give  an  indication  of  the  correct  functioning  of  a  transducer  (channel).  Fxccssivc  noise 
(perhaps  in  part  of  the  frequency  spectrum)  can  give  an  indication  of  malfunction  in  sensing,  transducer 
or  data  acquisition.  For  example  discrete  frequencies  in  a  gyroscope  signal  could  indicate  a  bearing  failure, 
noise  spikes  could  be  a  vibration  problem  or  a  faulty  wiring  or  connectors. 

The  noise  analysis  also  gives  vital  information  for  the  design  of  data  processing  fjters,  which  remove  the 
measurement  noise  and  allow  the  .sampling  rate  to  be  reduced. 

'Ihis  may  also  be  a  good  place  to  warn  for  the  effect  of  pre-sample  filtering  If  a  failing  transducer  has  high- 
frequency  noise  or  sudden  steps  in  its  output,  the  pre-sample  fillers  will  transform  the  signals  in  smooth  signals, 
thus  masking  the  problem.  In  normal  operation  pre-sample  filters  arc  essential  to  prevent  aliasing  errors,  but 
it  may  be  a  good  idea  to  record  the  unfiltcred  signals  as  an  instrumentation  test.  Another  important  point  is 
the  negative  effect  of  phase  errors  in  the  analogue  filters  on  the  parameter  identilication.  Some  authors  even 
recommend  dispensing  with  anti-aliasing  filters  altogether. 

If  the  recording  tecluliques  pennit  it,  it  is  therefore  recommended  to  use  the  highest  possible  sampling  rates 
(and  pre-sample  filler  bandwidths)  and  to  reduce  the  sample  rale  in  tlie  analysis  by  digital  fdteiiiig  in  the  ground 
processing.  This  has  the  added  advantage  of  allowing  a  more  considered  choice  of  .sampling  rale  in  the  dat.a 
analysis. 

5.4.2.2  Compatibility  checking 
S4.2.2.I  Introduction 

Any  tedundaney  in  itjc  measured  v.ariablcs  can  be  exploited  to  verify  iiie  data  quuliiy.  Ti  :re  are  a  iarge  number 
of  techniques  in  use  for  the  purpose  of  data  quality  evaluation.  I.n  fact  everyone  has  his  wvn  private  lrick,s. 

The  measurement  of  a  single  variable  by  two  different  tiansducers  is  a  simple  example: 

1.  If  the  transducers  are  of  the  same  type,  the  outputs  of  the  two  measurement  channels  can  be  compared 
to  find  discrepancies  in  sensing,  transducer  or  data  acquisition 

2.  If  the  two  transducers  are  of  a  different  type,  the  characteristic  enors  wiJl  be  different.  This  difference  can 
be  used  to  determine  if  one  of  the  signals  is  wrong. 

3.  Fven  if  one  transducer  is  much  better  than  the  other,  a  comparison  is  still  very  useful,  if  only  to  show  that 
the  'better'  transducer  has  failed  completely. 

It)  practice  it  is  rare  that  two  redundant  transducers  are  used,  but  it  is  not  uncommon  to  have  a  standard  aircraft 
instrument  as  well  as  a  flight  test  instrumentation  sensor.  In  this  case  it  is  strongly  recommended  to  record  the 
aircraft  instrument  output  as  well,  'fhe  disadvantage  is  not  so  much  the  extra  data  channel  to  be  wired  in  the 
aircraft,  but  rather  the  extra  effort  needed  to  calibrate  and  evaluate  the  aircraft  instrument,  which  is  necessary 
to  allow  its  use  for  data  quality  checks 

Redundant  information  can  also  be  used  in  a  complementary  filter  approach,  e  g.  rate  gyro  data  is  used  for  the 
low  .'rtquency  range  and  angular  accelerometer  data  is  used  for  the  higher  frequency  range  (this  is  just  a  special 
case  of  the  state  estimation  techniques  described  below).  It  is  very  imporlajit  that  undc.firable  error  character¬ 
istics,  such  as  hysteresis,  nonlinearilics  or  spurious  responses,  do  not  destroy  the  quality  of  the  result.  In  the 
example  given,  rate  accelerometers  tend  to  have  these  undesirable  error  characteristics. 

5.4.2.2.2  Kinematic  compatlbiUty  checking 

A  special  case  of  compatibilily  checking  is  Kinematic  Compatibility  checking.  Here  the  kinematic  relationships 
that  exist  between  the  uifferciit  measured  variables  arc  used.  The  procedure  can  be  applied  in  many  forms:  from 
the  simple  comparison  between  two  signals  to  the  complete  6  DoF  llight  path  reconstruction.  7 he  procedure 
is  also  called  Kinematic  Consistency  Checking  or  Flight  Path  Reconstruction,  fhe  chosen  name  reflects 
whether  the  procedure  is  seen  as  an  independent  check  or  as  an  integral  part  of  the  processing.  Descriptions 
can  be  found  in  (Oerlach,  1970,  [5.4.!])  and  (Wingrove,  1972,  [5.4.2]).  Klein  et  al.  (1977,  [5.4  ,3]).  seem  to 
have  uitioduced  the  term  compatibility  checking. 


■['able  -'i.4  I  shows  the  6  OoF  kinematic  equations.  Liiicanzing  these  cquation,s  leads  to  the  basic  error  itiodel 
as  shown  in  f  igure  5.4. 1 .  The  errors  in  the  veirreity  components  w,  v.  w,  the  attitude  angles  <p,  9,  4*  and  the 
po.siiion  ip  earth  axes  arc  the  components  of  the  state.  The  errors  in  the  inertial  measuren'ents 
P.  P.  f  atn  treated  a.s  mputs  to  the  state  equation.  In  add’tion,  the  wind  speed  compoiicnt!i 
'■.'v/'  'tnd  Wyy  arc  included  as  inputs  to  the  model.  The  idea  is  that  the  errors  in  the  input  signals  drive  the  encis 
in  the  .state. 

In  principle  any  measurement  which  depends  on  the  state  vector  can  appear  in  the  ob.scrvation  equation,  for 
example  air  speed  or  doppler  velocity,  pressure  or  radio  altitude,  angle  of  attack  or  angle  of  sideslip,  latitude 
and  longitude  from  Inertial  Navigation  Systems,  VOR/DME  or  the  Global  Positioning  System.  The  error  in 
the  meacurements,  whether  in  the  input  or  in  the  observation  vector,  can  be  modelled  as  bias,  scale  factor,  time 
sliift  and  white,  gaussian  random  noise.  If  (he  random  noise  is  not  white  and  gaussian  it  may  be  necessaiy  to 
e't.cnd  the  state  with  a  model  ol  the  noise  characteristics. 

With  modem  inertial  sensors  the  measurement  caors  arc  very  small.  As  a  consequence  the  variations  in  the 
wind  components  during  a  recording  become  the  dominant  cnor  source  This  makes  it  possible  as  well  as 
desirable  to  estimate  these  wind  variations.  The  estimation  ol  the  absolute  wind  components  requires  the 
presence  of  absolute  position  or  velocity  references  of  reasonable  accuracy,  e.g.  from  an  Inertia]  Navigation 
System,  (ilobal  Positioning  Syslcm  or  radio  beacons.  However,  it  should  be  noted  that  in  general  only  the 
variations  in  the  wind  speed  components  are  of  interest  for  flight  mechanics,  because  constant  wind  compo¬ 
nents  only  affccl  the  error  in  the  absolute  velocities  in  earth-fixed  coordinates.  This  means  that  absolute  posi¬ 
tion  references  arc  not  strictly  required,  although  they  can  be  of  great  use. 

One  simple  way  of  modelling  the  wind  v.-uiations  that  works  very  well  in  practice  describes  the  wind  variation 
as  a  linear  trend  in  time  and/or  as  proportional  to  altitude.  A  more  sophisticated  description  is  a  colored 
gau.ssiaii  noise  model,  o.g.  integrators  driven  by  white  noise. 

An  interesting  variation  in  the  problem  formulation  is  presented  in  a  block  diagram  form  in  Figure  5.4.2.  Here, 
the  position  in  earth  axes  Xg,  y.,  and  4g,  the  Euler  angles  O,  0  and  tp  and  (optionally)  the  wind  velocities  in 
earth  coordinates  t\yg,  ana  at  the  riglit  hand  of  the  figure  can  be  treated  as  measureme  ts  or  estimates 
or  both. 

'1  he  estimation  of  wind  components  is  an  example  of  the  use  of  estimation  procedures  to  reconstruct  an 
unmeasured  state  component.  Another  practical  example  is  the  estimation  of  the  angle  of  attack  in  the  case  that 
no  direct  mcasurcinent  is  available  or  the  direct  measurement  is  unusable.  See  section  5.4.3  for  further  discus¬ 
sion  on  how  the  reconstructed  state  should  be  used. 

It  is  in  general  not  possible  to  identify  this  large  number  of  error  components.  If  too  many  error  compt'nents 
are  included  the  standard  deviations  of  the  estimates  and  the  correlation  coefficients  increase  rapidly.  The  degree 
of  correlation  is  also  dependent  on  the  type  of  and  shape  of  the  manoeuvre,  so  it  is  feasible  to  perform  specially 
designed  manoeuvre.s  for  the  purpose  of  identifying  the  cnor  components,  but  these  manoeuvres  will  not  nec¬ 
essarily  be  optimal  for  parameter  identification.  It  may  be  more  fruitful  to  combine  several  different  manoeu¬ 
vres  in  a  multi-manoeuvre  analysis  and  then  estimate  an  error  model  which  is  valid  for  all  the  recordings  (see 
section  5.4.3). 

A  simple  example  is  the  comparison  of  a  rate  gyroscope  and  an  altitude  gyroscope.  The  rate  sign  il  is  integrated 
and  compared  with  the  altitude  signal.  Error  models  for  each  of  the  two  types  of  gyroscopes  can  be  defined, 
e  g.  bias  and  lime  sliift  for  the  rate  gyroscope  and  linear  drift  and  time  shift  for  the  attitude  gyroscope.  ITie 
difference  signal  can  then  be  attributed  to  various  errors  sources  and  the  parameters  of  the  error  model  can  be 
estimated  using  parameter  identification. 

Even  this  simple  example  already  points  out  a  common  problem,  e  g.  the  bias  of  the  rate  gyroscope  has  exactly 
the  same  effect  as  the  linear  drift  of  the  attitude  gyroscope  and  the  same  is  true  for  the  lime  shifts.  ITiis  means 
that  the  errors  in  the  different  measurements  must  have  different  characteiistic.s  in  order  to  be  useful  for  com¬ 
patibility  checking.  If  it  couid  be  assumed  that  the  attitude  gyroscope  has  negligible  drift  and  the  rale  gyroscope 
has  a  negligible  (or  perhaps  known)  time  shift,  then  rate  gyro  bias  and  the  time  shift  of  'he  altitude  gyro  can 
be  put  in  the  error  model  and  values  for  these  parameters  can  be  found.  But  in  general  these  assumptions  arc 
difticult  to  make  and  need  the  sdvicc  of  the  instrumentation  department. 

The  bias  in  the  rale  gyro  will  always  have  the  same  effect,  a  linear  increase  of  the  error  with  time.  But  a  scale 
factor  error,  e  g.  in  the  attitude  measurement,  will  only  be  noticeable  if  larger  excursions  arc  present.  Even  in 
the  case  of  large  cxcurainns,  the  estimate  of  bias  aitu  scale  factor  may  be  highly  correlated,  e  g.  when  the  attitude 
angle  also  increases  linearly  with  tir.ic.  T  his  demonstrates  the  dependence  of  identifiability  on  the  manoeuvre 
shape. 


71 


In  the  more  complitatcd  cases  all  these  problems  are  also  present  at  the  same  time  and  are  even  more  dilTicult 
to  detect.  For  example,  in  manoeuvres  that  do  not  deviate  too  much  from  level  flight  the  following  simplified 
equation  is  valid: 

vv  =■  qu  +  a^ 

7  his  shows  that  the  effect  of  a  bias  in  the  normal  acceleration  is  equivalent  to  the  effect  of  a  bias  in  the  pitch 
rate  signed  q.  In  the  estimation  piocedure  this  will  show  up  as  a  high  correlation  between  the  estimates  of  the 
two  error  parameters. 

S.4.2.2.3  Solution  uchAiques 

The  formulated  problem  can  be  solved  by  a  number  of  different  methods,  f'or  more  detailed  descriptions  sec 
(Maine  el  al.,  1985,  [5.4.4])  or  (Moulder  et  al.,  1979,  [5.4.5]).  In  principle  no  one  method  is  theoretically 
superior,  because  all  estimators  can  be  shown  to  be  Maximum  Likelihood  estimators  for  a  specilic  choice  of 
error  model.  In  other  words  the  assumed  error  mode!  determines  which  solution  method  applies.  The  tech¬ 
niques  used  by  the  Working  Group  arc: 

1.  Weighted  Least-Sduares  (WLS) 

This  method  solves  the  case  where  the  random  enor  is  in  the  inputs  (so-called  state  noise).  It  is  a  very 
simple  and  efficient  procedure. 

2.  Extended  Kalean  Ftltor/Seoother  (EKSF) 

standard  Kalman  filter  estimates  the  state  of  a  linear  system  with  an  error  model  which  allows  noise  in 
the  inputs  (state  noise)  as  well  noise  in  the  observations.  The  Kalman  algorithm  is  a  recurs’ve  formula, 
which  proceeds  sequentially  (filters)  through  the  data.  For  a  fixed  time  inteival  a  substantial  Lmptovement 
in  accuracy  can  be  obtained  by  adding  a  smoothing  .step  m  the  reverse  time  direction. 

Noniinear  state  equations  are  handled  by  lineaiizing  around  a  nominal  trajectory  (usually  the  current  best 
estimate  of  the  state  is  used)  and  bias  and  scale  factors  can  be  estimated  by  including  them  as  undriven 
states  with  unknown  initial  condition  (Jornkers,  1976,  [5.4.6]).  llie  EKSF'  is  mt'rc  expensive  than  the 
Wl/S  method,  but  much  cheaper  than  the  OE  or  FE  methods  d'seussed  below.  Because  of  the  recursive 
formulation  the  computer  memory  requirements  are  also  mode.st.  I  he  disadvantage  is  that  i.s  is  not  easy 
to  include  other  erroi  components  into  the  error  model. 

J.  Output  Error  (OE) 

rhis  method  applies  in  the  case  where  al)  eiTors  are  in  the  observations,  i.e.  there  is  no  state  noise  In 
principle  the  method  compares  a  simulation  of  the  actual  .system  with  the  measurements,  while  integrating 
the  sensitivities,  which  describe  the  influence  of  the  model  parameters  on  the  stale  After  one  simulation 
run,  a  Gauss-Newton  optimization  js  used  to  find  new  estimates  of  the  model  parameters  In  practice  this 
preecs.s  has  to  be  rei>caled  for  several  iterations,  which  makes  this  method  expensive  in  computer  time. 
In  addition  the  sensitivity  matrix  can  be  of  large  dimension,  which  adds  to  the  computer  memory 
requirements.  Ihe  advantage  of  the  OE  method  is  that  it  is  very  easy  to  incorporate  parameters  in  the 
error  model.  Ihc  incorporation  of  nonlinear  irudels  in  the  OF  method  can  be  himclled  by  deriving  the 
sensitivity  equations  analytically  by  hand,  but  this  makes  it  difficult  to  change  the  error  models  quickly. 
Numeric.al  calculation  of  the  sensitivities  is  a  better  solution  here  and  results  in  very  flexible  programs. 

4.  filter  Error  (FE) 

iTiis  method  solves  the  most  general  problem  formulation,  i.c.  with  state  noise  and  obsci  ration  noise.  In 
principle  it  is  a  combination  of  a  Kalman  I'iller  in  an  Output  Error  parameter  identification  iteration 
ITie  FE  method  is  the  most  expensive  in  computer  time  rnd  the  most  complex  to  use  and.  therefore,  is 
.seldom  used. 

Of  course  it  is  not  always  possible  or  even  necessary  to  u.se  the  complete  error  model.  Omitting  error  compo¬ 
nents  or  observations  which  are  not  important  can  reduce  the  problem  formulation  considerably,  but  the  same 
solution  techniques  apply,  l  or  example  it  can  be  assumed  that  the  air  data  measurements  do  not  give  enough 
information  on  the  estimation  of  the  attitude  errors.  This  allows  the  separate  estimation  of  altitude  and  velocity 
equations. 
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5.4.3  Use  of  Error  Corrections 

After  all  error  corrections  have  been  determined  as  far  as  possible,  the  question  remains  what  to  do  with  this 
infonnation.  ITierc  are  two  extreme  philosophies: 

1.  llic  identified  error  components  are  put  in  an  error  model,  which  is  added  to  the  aerodynamic  model. 
The  parameter  identification  procedure  is  then  performed  on  the  combined  model,  using  the  origi.  u 
measured  variables  as  observations.  The  determined  values  of  the  errors  components  are  sometimes  useu 
as  initial  conditions. 

2.  All  error  coneclions  are  applied  to  the  measured  variables  and  the  parameter  identilicatioii  procedure  is 
performed  on  the  corrected  variables. 

Ihe  first  procedure  has  the  advantage  that  the  parameter  identification  results  arc  a  true  Maximum  I  .ikelihood 
estimate  of  the  complete  problem,  in  other  words  the  solution  is  theoretically  optimal.  In  the  second  procedure 
the  parameter  identification  is  much  simpler  due  to  the  smaller  model.  In  fact  if  all  measurement  errors  are 
corrected  (and  the  complete  state  can  be  rcconstnictcd),  the  Maximum  Likelihood  estimator  reduces  to 
Equation  Error. 

In  practice  a  compromise  between  the  two  approaches  is  always  made;  for  some  enor  components  it  cannot 
be  expected  that  better  values  can  be  found  by  including  these  in  the  parameter  idcntiiicalion  model  and  the 
corrected  instead  of  the  ori^al  measurements  arc  used.  Eor  other  error  components  it  can  be  expected  that 
the  combined  parameter  identification  will  yield  the  best  values.  It  is  not  pos.sible  to  give  a  clearcut  recom¬ 
mendation  which  error  component  should  be  included  and  which  one  not  and  the  actual  choice  will  have  to 
depend  on  the  judgement  of  the  analyst. 

I'inally  the  instrumentation  department  should  always  be  asked  to  verify  the  estimated  instrument  errors.  It 
may  turn  out  that  an  enor  v/hich  is  successfully  modelled  in  one  way,  should  be  attributed  to  another  cause 
which  has  the  same  effect  (for  an  example  see  below). 

Whc.n  a  large  number  of  manoeuvres  arc  conducted  in  a  particular  fliglit  condition,  the  enor  model  identified 
for  each  of  the  manoeuvres  should  be  the  same.  This  makes  good  idiysicaj  sci'.sc  since  tiic  calibratif.'p.  of  the 
instrumentation  will  change  very  little  during  one  particular  flight.  Failure  of  a  sensor  or  other  instrumentation 
components  during  the  flight  would,  of  course,  be  an  exception. 

The  same  logic  suggests  that  when  a  sufficient  number  of  events  exist,  mean  values  of  the  biases  and  scale 
factors  should  be  used  as  corrections  for  the  whole  flight.  Simple  statistical  analysis  can  be  performed  to 
establish  if  the  sample  is  large  enougti  so  that  statistically  significant  values  can  be  determined.  If  only  some 
of  Ihe  estimated  error  ceinponents  are  significant,  it  may  be  necessary  to  reduce  the  size  of  the  error  model  until 
orjy  significant  parameters  remain. 

5.4.4  Data  Compatibility  1  ools  in  Use  at  the  Institutes 

1 .  Aeronautical  Retiearch  Laboratory  (AKL) 

Compatibility  checking  of  helicopter  flight  data  at  ARL  is  based  on  the  full  nonlinear  6  DoF  kinematic 
equations,  supplemented  if  necessary  by  the  three  equations  describing  the  aircraft  position  in  earth  axes. 
The  accelerometer  and  gyro  measurements  are  regarded  as  inputs  and  are  assumed  to  be  subject  to  sys¬ 
tematic  bias  and  scale  factor  errors  For  more  details  see  (Evans,  1985,  [5.4.7])  and  (Fcik,  1984,  [5.4.8]). 

Two  solution  methods  are  in  use.  The  first  method  is  a  Maximum  Likelihood  estimator  (ML),  which  is 
a  very  flexible  program  that  easily  allows  different  combinations  of  observed  outputs,  alternative  problem 
formulations  and  etror  models.  The  sensitivity  matrix  is  calculated  numerically,  which  makes  the  esti¬ 
mation  of  parameters  in  general  non-linear  systems  possible,  including  systems  with  discontinuities  and 
time  shifts  (Blackwell,  1988.  [5.4  9])  The  second  method  is  an  Extended  Kalman  Filter  (EKF)  which 
models  random  errors  in  the  inertial  instruments,  but  allows  a  more  restricted  set  of  outputs. 

2.  Aeroflightdynamlcs  Directorate  (AFDO) 

The  AFDD  uses  the  program  Smoothing  for  Aircraft  Kinematics  (SMACK)  for  consistency  analysis 
(Bach,  1985,  [5.4.10];  [5.4.11]).  Ihis  program  solves  the  full  nonlinear,  six-degree  of  freedom  aircraft 
lunemalic  equations  and  estimates  time-varying  winds,  slates  and  measurements.  In  the  process  mcas- 
ureincnt  biases  and  scale  factors  are  identified.  The  ptogium  is  based  on  a  zcro-phase-shift  backward 
information  filter  and  forward  smoother  algorithm  which  produces  a  zero  phase  shifted  output  estimates 
with  a  cutoff  frequency  which  is  one  tenth  of  the  sample  rate.  The  solution  is  iterative,  providing 
improved  state  and  measurement  estimates  until  a  minimum  squared-error  is  achieve  I. 
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A  3-IJlll'  angular  check  is  conducted  first.  Then,  the  angular  error  parameters  and  their  covariances  arc 
used  as  start  up  values  in  an  overall  6-DOF  check.  Tlie  error  model  is  then  refined  by  iteration  until  only 
statistically  significant  biases  and  scale  factors  remain  (Kalctka  ct  al.,  1989,  [5.4.12]). 

3.  Ucuhschc  Forsehungsanstalt  filr  LufI-  und  Raumfalirt  (Dl.R) 

DI,R  uses  a  Maximum  Ijkeliltood  program  for  the  purpose  of  flight  path  reconstruction.  'ITie  full  non¬ 
linear  six-degrees  of  freedom  kinematic  equations  arc  used,  llic  sensitivity  matrix  is  also  calculated 
numerically,  see  (Jategaonkar  ct  al..  1983,  [5.4.13]). 

4.  Georgia  Institute  of  Technology 

Ibc  integrated  rate  signals  were  compared  with  the  attitude  angles. 

5.  IVfcUortndl  Douglas  Helicopter  Corporation  (MDHC) 

ITie  biases  and  scale  factors  of  the  angular  accelerations  were  detennined  u.s'uig  a  I x;ast-.Squarcs  procedure, 
which  minimir.ed  the  difference  between  the  integrated  aiigidar  accelerations  and  the  body  rates.  A  Kal¬ 
man  filterysinonthcr  was  also  applied  to  ensure  data  consistency,  to  induce  the  effect  of  measurement  noise 
on  the  state  estimates  and  to  estimate  unmeasured  states. 

6.  Nationaal  Lucht-  en  Ruimtcvaarliaboratoriiini  (NLH) 

In  the  past  the  standartl  identification  procedure  et  NI.R  used  an  extended  Kalman  filter/.smoother  to 
reconstruct  the  complete  slate  of  the  aircraf)  based  on  an  optimal  combination  of  inertia!  and  air  data 
measurements  The  accclerometei  and  gyro  errors  were  modelled  as  stale  noise,  the  bias  in  these  instru¬ 
ments  were  modelled  as  extra  states,  and  pressure  altitude,  air.spccd  and  sideslip  angle  crror.s  were  modelled 
as  observation  noise  (Brccman,  1978,  [5.4.14]). 

In  recent  years  NI-R  employs  highly  accurate  inertial  systems  for  all  its  flight  tests.  Therefore  the  current 
state  estimation  program  is  based  on  a  model  that  includes  complex  variations  in  the  wind  component.s 
and  errors  in  the  air  data  .sensors,  but  no  errors  at  all  in  the  inertiaj  sensors  !n  the  parameter  identification 
step  the  smoothed  time  liistoiiea  aic  used  in  a  linear  regression  program.  Because  the  helicopter  data 
provided  did  not  include  either  of  the  above  combuiatioiis  of  measurements,  NI  .R  used  its  output  cnor 
program  for  compatibility  checking.  T  his  program  uses  nonlinear  kinematic  equations  and  allows  csti- 
mating  biases  in  accelerometers  and  gyros, 

7.  University  of  Glasgow 
No  tools  were  tt|iorted- 

8.  NAE/llniversity  of  Toronto 

The  compatibility  check  u.ses  the  full  .set  of  kinematic  equations  of  motion  As  a  fust  step  a  least-square 
fit  procedure  is  used  to  dctcrniine  gyro  and  attitude  offsets  and  then  llic  rccoii.siructcd  attitudes  and  rates 
arc  used  to  dotcnninc  accelerometer  and  velocity  biases.  The  reconstructed  slate  is  normally  u.sed  in  the 
following  pararnetei  identification. 

9.  Royal  Aerospace  Uslablishnienl  (RAF.) 

Data  compatibility  checking  i..  a  standard  procedure  at  RAli,  where  it  is  a  part  of  the  Parameter  listi- 
mation  Package  (PliP).  In  the  preliminary  data  interpretation  phase  the  KINliCON  program  perfonns 
this  task.  'ITic  aim  is  to  find  likely  c.tlibration  errors,  such  a.s  bias  error-s.  Bias  cslimate.s  can  be  derived 
using  a  weighted  Least  Squares  output-error  algorithm. 

In  a  later  stage  of  the  processing  filtered  or  smoothed  estimates  from  the  measurements  and  recon¬ 
structions  of  unmeasured  statc.s  are  computed  using  an  extended  Kalman  filter  algorithm,  llie  program 
DliKPIS  (ITiscrctc  Extended  Kalman  I'ilter/Smoother)  typically  uses  measurementr.  from  rate  and  atti¬ 
tude  gyros,  acveleromctets  and  airspeed  probe  and  uicidence  vanes  and  has  the  option  to  revise  calibration 
factors. 

10.  CERT 

Tor  flight  path  reconstruction  CliR'f  applies  *he  same  Output  Fitior  program  as  used  for  identification. 
T  he  full  6  DoF  nonlinear  kinematic  equations  a'e  used  and  the  locations  of  the  sensors  are  taken  into 
account.  Nonlinear  kinematic  terms  arc  dealt  with  in  the  calculation  of  the  sensitivities.  Inertial  sensors 
are  treated  as  inputs  and  air  data  and  attitude  angles  arc  the  observations.  Bias  and  scale  factor  of  all 
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nieasurcmcmts  arc  included  in  the  error  model,  but  time  delays  arc  estimated  manually  after  the  first 
identification  results. 


5.4.5  (3onctu$ions 

It  can  be  concluded  that  data  quality  evaluation  is  a  necessary'  step  in  the  process  leading  t(^  parameter  iden¬ 
tification.  'Ibc  final  test  of  the  validity  of  instrumentation  error  models  is  of  course  in  the  results  of  the 
parameter  identification. 
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I  Kinematic  Equations 

K 

c>  =  —  q  •  IV  +  r  •  4  (a,  -  g  .  sin  0) 

V=~r-u  +  p-  w  +  {a,  +  g.  cos  0  -  sin  <!)) 

IV  =  -  p  •  V  4'  q  -  u  +  (a,  +  g  •  cos  0  ■  cos  <!)) 

<i>  =  p  4  (q  •  sin  4  r  •  cos  <!>)  •  tan  0 

©  -  (q  .  cos  O  ~  r  ■  sin  (p) 

4'  =  (q  •  sin  <1>  4-  r  •  cos  ^)/  cos  0 

x,  -  u  •  cos  ©  •  cos  'P  4  V  .  (  -  cos  ■  sin  M-"  +  sin  <1)  •  sin  0  •  cos  T) 
4-  tv  ■  ( sin  <1>  •  sin  T  4  cos  (D  •  sin  ©  •  cos '!')  4-  u„ 

y,  =  o  .  cos  0  .  sin  4*  4-  V  ■  (  cos  <I>  •  cos  4  sin  <I>  •  sin  0  .  sin  *F) 

4  tv  ■  (  -  sm  <I>  ■  cos  4^  4  cos  <I>  •  sin  ©  •  sin  4')  4  v„ 

/i  --  w  •  sin  0  —  V  •  sin  tp  ■  cos  0  -  tv  •  cos  (D  •  cos  0  -  tv*, 

Inputs 

a„  By,  a„p.  q.  r 

Error  Model  for  Inputs 

a,  (40  4  A.  )  .a,  4  t),  4  0,  —  T,  -a, 

etc. 


Outputs 


tp,  0,  T,  V.  h,  X,,  y. 


Error  Model  for  Outputs 

^oui  =  -0  4  •  <P  4  4  n^  —  ■  (i> 

etc 


Table  5.4. 1,  Six-degree-of-freedom  kineinatic  equations  for  compatibility  checking 
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5.5  Identification  Technique.s") 


5.5.1  Introduction 

ITiis  section  prc.sents  an  over.icw  of  rolorcr.aft  system  identification  techniques  used  by  WCJ  18.  More  thor¬ 
ough  coverage  of  the  general  sy.stem  identification  field,  including  cxten.sive  treatment  of  the  Ihcorctica)  basis 
of  the  various  techniques,  is  found  in  a  number  of  excellent  textbooks  (Ljung,  1987,  [5..i.lJ;  SoHcrstrom  ct  al  , 
1989,  [5.-5. 2],  Bendat  et  al ,  1986,  [5.5.3])  and  reference  publications  (Maine  ct  al.,  1986,  [5.5.4J;  Klein,  1980, 
[5.5.5];  Tischler,  1987,  [5.5.6]). 

Iliis  section  first  considers  the  selection  of  model  structure.  Here,  special  ernphasis  is  given  to  ensuring  that  the 
model  structure  is  appropriate  to  the  intended  model  application.  For  ex.amplc,  simple  decoupled  first-order 
models  that  characterize  the  helicopter  dynamics  over  a  limited  frequency  range  may  be  suitable  for  han¬ 
dling-qualities  applications,  while  coupled  6-DoF  models  suitable  for  a  broader  range  arc  needed  for  piloted 
simulation.  At  the  other  end  of  the  complexity  spccirum  are  model.s  needed  for  use  in  advanced  higli- 
bandwidth  rotorciafl  flight  control  system  design  that  must  consider  the  coupled  fu.sclagc/rotor/ainnas.s 
dynamics.  Both  non-parametric  model  structures  (frequency-responses)  and  parametric  model  structures 
(transfer  functions  and  state-space  equations)  are  considered  in  this  section 

'I  hc  next  step  in  the  identification  problem  definition  is  the  formul.ation  of  the  criterion  or  "cost"  function.  'Die 
simplest  formulation,  referred  to  as  "equation-error"  is  valid  when  Ihc  measurement  noise  i.s  small  relative  to 
process  noise.  'Diis  assumption,  while  often  not  suitable  for  the  liigh  incasuremcnt  noise  environment  of  the 
rotorcraft,  has  the  advantage  of  resulting  in  a  cost  function  that  is  linear  in  the  unknown  parameters.  I'his  leads 
to  the  simple  and  rapidly-implemented  least-squares  (step-wise)  regression  techniques  for  identification.  A  more 
complex  formulation,  referred  to  as  'output -error'  is  valid  when  process  luiisc  is  small  relative  to  incasurcmem 
noise  ■  a  belter  assumption  for  rotorcraft  data.  Output-error  techniques  arc  more  mathematically  complex  than 
equation-crrtir  tccUniquc.s,  and  also  lequiic  more  .sophisticated  nonlinear  search  algoiilhm.s  to  determine  Ihc 
unknown  parameters.  Output-error  techniques  were  extensively  used  by  WO  18.  A  third  appioach  to  the  cost 
function  formulation  is  ba.scd  on  the  use  of  frequency-responses.  This  approach  requires  much  more  preproc¬ 
essing  of  the  flight  data,  but  has  the  advantage  of  being  valid  in  the  presence  of  both  measurement  and  process 
noise.  Also,  the  frequency -response  formulation  allows  for  Ihc  consideration  of  the  differing  frequency  coiiicnt 
of  the  slate  variables. 

Once  the  model  structure  and  cost  function  have  been  defined,  the  model  is  identified  from  the  input/oiitpiit 
time-history  data  using  cither  time-domain  or  frequency-domain  methods,  liarh  method  contains  at  its  core  a 
sophisticated  search  method  to  find  the  set  of  parameter  values  that  provides  the  best  fit  according  to  the 
adopted  cost  function.  Again,  the  choice  of  methods  depends  on  the  application,  the  fonnulation  of  the  cost 
function  (frcquency-rcspon.sc  methods  are  completed  in  the  frequcncy-doriiain),  the  familiarity  of  the  analy.st 
with  the  methods,  and  finally  the  availability  of  computational  tools.  For  example,  the  extraction  of  nonlinear 
models  or  identification  from  flight  data  with  distinctly  non-symmelric  wave  forms  is  best  completed  in  the 
time-domain.  On  the  other  band,  when  the  model  structure  includes  widely  separated  dynamic  modes  (such 
as  lo'v-frequency  rigid  body  dynamics  and  high  frequency  rotor  dynamics)  or  when  higlily  unstable  modes  arc 
presents,  the  identification  in  the  frequency-domain  ha.s  some  distinct  advantages.  Both  time-domain  and  fre¬ 
quency-domain  methods  were  extensively  used  by  WG  18. 

File  final  step  in  system  identification  is  refened  to  as  'model  verification."  Ilete  the  extracted  model  is  driven 
with  flight  data  not  used  in  the  identification  process  to  ensure  the  correctness  of  Ihc  identification  procedure, 
and  the  utility  of  the  model  in  predicting  control  respon.scs  rather  than  simply  matcliiiig  them.  Model  verifi¬ 
cation  is  completed  in  the  lime-domain  in  the  WG  18  study,  although  frequency- domain  verification  tech¬ 
niques  techniques  have  also  been  used  (Kalctka  el  al.,  1989.  [5.5.7]). 

5.5.2  Model  Structure 
5.5.2. 1  General 

•Selection  of  mode!  struciurc  is  a  critical  step  in  system  identification,  which  will  greatly  affect  both  the  degree 
of  diflicuily  in  extracting  the  unknown  p.aranieters,  and  the  utility  of  Ihc  identified  model  in  its  intended 
application.  For  example,  while  a  1-DoF  roll  response  model  containing  3  unknown  paiameters  (gain,  roll 
mode,  time  delay)  is  fairly  easy  to  obtain  and  is  often  quite  sufficient  to  evaluate  on-axis  handling-qualities,  it 
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is  obvicuisly  unsuitable  for  investigations  of  cross-coupling  effects.  On  the  other  hand,  a  fliglit  control  design 
model  that  considers  coupled  fuselage/rolor/ainnass  dynamics  may  contain  nearly  100  parameters  and  will 
require  rotor  state  measurements  and  significant  computational  capability.  The  .simplest  model  structure  that 
serves  the  intended  application  is  the  best  choice. 

Model  structures  can  be  broadly  divided  into  two  groups:  nonparametric  and  parametric  A  nonparamctric 
model  is  one  in  which  no  model  order  or  form  of  the  differential  eqiiations-of-inotinn  arc  asr.umcd  Ciencrally, 
nonparamctric  models  arc  expressed  as  frequency-responses  between  key  input/output  variable  pair.s  (eg. 
pitch-rate  respon.se  to  longitudinal  stick),  that  are  calculated  using  I'ast  bouricr  'IVansfonn  techniques.  Non¬ 
paramctric  models  are  presented  in  Bode  plot,  format  of  log-magnitude  and  phase  of  the  input-tn-output  ratio 
versus  frequency.  Typical  applications  of  ttonpaiamelric  identification  results  arc  handling-qualities  analyses 
based  on  bandwidth  and  phase  delay  and  simulation  model  validation  Non-paiametric  identification  Is  a  rel¬ 
atively  fast  and  easy  process,  and  has  even  been  implemented  in  real  lime  for  control  system  perfomiancc  val¬ 
idation  on  the  X-29  (Chapter  R). 

A  parametric  model  requires  the  assumption  of  both  system  order  and  the  structure  of  ihc  system's  dynamical 
equations.  ’I'hc  simplest  parametric  model  stmeture  is  a  transfer  funclloii,  which  is  a  (lumped)  pole-zero  rep¬ 
resentation  of  the  input-to-output  process.  These  models  have  relatively  few  unknown  parameters  On  the 
other  end  of  the  scale  is  a  full  6-DoP  (or  higher)  set  of  coupled  linear  diffciential  miilli-inpul/mulli-oulput 
(MIMO)  state-space  equations,  derived  from  Newton's  l,aws  applied  to  the  helicopter  system.  Such  a  rotor- 
craft  model  may  contain  as  many  as  50-100  unknown  parameters  -  a  fonniJablc  identification  problem 
Common  applications  of  parametric  models  include  control  system  design,  wind-tunnel  validation,  and  math 
model  derivation  and  validation.  Key  aspects  of  model  structuic  .selection  for  transfer -function  and  MIMO 
state-space  model  fonuulation  are  discussed  in  the  following  paragraphs. 

1  ransfer- h'unction  Model  Structure  Selection.  Transfer-funclion  models  arc  generally  identified  by  direct  fitting 
of  the  nonparametric  frequency  responses.  .Specific  a.spccts  of  the  model  stnicinre  that  must  be  cotisidcrcd  arc: 

•  Selection  of  input/cutput  variable  pairs, 

•  I'requency-range  of  model  applicability, 

•  Physically  meaningful  order  of  the  numerator  and  denominator  polynomials, 

•  Inclusion  of  equivalent  time  delay,  and 

•  rising,  freeing,  or  constraining  coelTicients  in  the  fitting  process. 

In  Older  to  illustrate  .some  of  these  aspects,  consider  thi:  selection  of  transfer  function  model  structure  for 
handling-qualities  analyses.  Such  analyses  are  generally  concerned  with  lumped  low-order  (equivalent  systems) 
characterizations  of  on-axis  input -to  output  responses  in  terms  of  gain,  natural  frequeney,  damping  ratio,  and 
time  delay  that  arc  representative  of  the  helicopter's  response  in  the  pilot's  "crossover  frequency  range"  (eg. 
O.I-IO  rad/s)  ffcsults  for  the  All-M  show  that  the  short  term  pitch  dynamics  arc  very  well  characterized  by 
such  a  simple  model  However,  transfer-function  models  for  high-bandwidth  fliglit  control  system  design  need 
to  be  of  fairly  high  order  (Rth  order  for  the  HO  105)  to  adequately  predict  achievable  gain  levels  as  shown  in 
section  S.3. 

MIMO  Stale-Space  Model  Structure  Selection  i'hc  MIMO  stale-space  model  .stmeture  problem  is  much  more 
complicated  than  the  transfer-function  model  problem.  Hie  analyst  must  make  a  host  of  apriori  decisions  that 
will  profoundly  affect  the  difficulty  in  extracting  parameters,  and  the  validity  of  the  extracted  parameters  As 
in  transfer  function  model  structure  selection,  the  overall  goal  is  to  select  a  model  structure  that  is  consistent 
with  the  fre(|uency  range  of  interest.  Sotne  of  the  many  important  aspects  of  slate-space  model  structure  for¬ 
mulation  for  rotorcraft  arc: 

•  Idegree  of  coupling  between  the  longitudinal  and  lateral/dircctional  motions 

•  Order  of  model  needed  to  characterize  the  frequency  range  of  interest 

•  Idenlifiability  of  the  paramctcis  as  a  function  of  the  available  measurements 

•  Wliat  parameters  arc  known  and  should  be  fixed?  (eg.  gearing,  gravity,  filter  dynamics) 

•  Physical  constraints  between  the  p-aramciers  (eg.  conrmon  actuators,  aerodynamic  symmclnc,  tcomelrj ) 

Since  most  iif  the  WCi  18  effort  involved  identification  of  6-I)ol'  MIMO  state-space  inocicis,  this  mode! 
stmeture  is  presented  in  detail  l>cIow 

5.S.2.2  6  !)oF  State- Space  Model  Structure  Used  in  WG  18 

In  the  study  uridcrla.><cn  by  WO  18  ihc  area  of  application  was  chosen  to  be  that  of  helicopter  flying  qualities, 
i.c.,  the  dynamic  performance  of  Ihc  helicopter  in  response  to  its  fliglit  contrui.s  and  as  evidenced  by  the  tradi- 


tional  flight  mcchanicaJ  variables  As  a  consequence,  the  basic  dynamic  equations  selected  for  the  airtrafl  model 
arc  the  usual  equations  of  fliglit  mechanics  as  given  in  equations  (5.5.1)  through  (5.5.4). 


force  equations 
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Asstenplions 

/<y  “  0 

V  =  0  (5.5.4) 

Gyroscopic  reactions  due  to  rotating  elements  of  the  helicopter  neglected 

'nre.se  equations  are  non  linear  in  structure  because  of  the  gravitational  and  rotation  related  terms  in  the  force 
equations  and  the  appearance  of  products  of  angu'ar  rates  in  the  moment  equations.  The  model  also  has  to 
adopt  eapressions  for  the  aerodynamic  foices  X.  V.  and  Z  and  moments  L,  M,  and  N  that  are  central  in  the 
equations. 

In  this  regard  a  judgement  has  to  be  made  which  stale  variables  arc  significant  for  the  particular  application 
Tor  conventional,  fixed  wing  aircraft  6  degrees  of  freedom  models  involving  only  the  rigid  bsrdy  slates 
u.  V.  w  p.  q  and  r,  and  even  the  simpler  longitudinal  or  lateral  subsystems,  have  Nien  remarkably  successful 
Por  dynamically  more  complex  aircraft,  and  lliis  certainly  includes  helicopters,  additional  stales  and  auxiliary 
dynamic  equations  may  be  tequired  to  provide  a  satisfactory  representation.  In  the  case  cl  the  helicopter,  the 
dynamics  of  the  main  rotor  represents  such  a  complication,  introducing  the  potential  need  of  adding  state 
variables  associated  with  blade  flapping,  flexible  blade  mode,  aiimoss  motion  or  combinations  of  these. 
Another  source  of  complexity  is  that  the  rotor  drive  is  governed  to  maintain  constant  rotational  speed  by  a 
control  sy.slem  which  may  add  states  and  equations  to  the  model. 

Porlunately,  ir.  many  current  helicopters,  the  eigenvalues  associated  with  these  additiomd  stales  are  suflicicnlly 
higher  than  those  of  the  rigid  body  modes,  such  that  by  constraining  the  flight  control  inputs  to  relatively 
gradual  excitations,  the  rotor  modes  approximately  are  not  excited  and  a  model  based  on  the  rigid  body  states 
can  still  give  useful  results.  It  should  be  pointed  out,  however,  that  especially  in  the  hi^ily  manoeuvreable 
modem  helicopter,  this  approximation  to  the  model  structure  is  likely  to  be  margiiial. 

The  model  that  has  been  adopted  ax  the  basis  for  the  WG  18  study  is  the  fully  coupled,  6  degrees-of-freedom 
rigid  body  system  of  equations  given  in  (5.5  1)  througlr  (5.5.4). 

A  sunpUlicd  set  of  equations  results  under  the  assumption  that  products  of  angular  rates  arc  small  and  ca.s  be 
neglected  in  the  mom 'nl  cv.  alions. 


rurthcrmorc,  by  dividing  ihe  force  cquatioris  by  the  mass  and  inutliplying  ihc  simplified  moment  equations 
by  tlic  inverse  inertia  matrix,  forces  and  momcnlfl  arc  presented  as  '.specific'  quantities  (equations  (5.5.5) 
through  (5.5  7)).  1  his  substitution,  however,  implies 

♦  that  for  calculating  the  full  values  of  the  aerodynamic  parameters  the  kno-.vlcdgc  thc.sc  mas.s  and  incitia 
properties  of  the  aircfr’fl  is  required  and 

♦  that  these  propcrlic.s  arc  constants. 
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i  nts  givc.i  ;fie  Inliouing  xetx  ol  i-qiiaijon.  for  the  accelerations  (5.5.8)  and  (5,5.9),  in  wlnel',  the  lna.^s  and  the 
moment'  of  inertia  no  longer  appear  e.xplicitly. 


equations  for  linear  accelerations 
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equations  for  angular  accelerations 
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TUe  liiMVla^  tlM|  u  astuqied  for  the  specXic  aerodynamic  forces  and  moments  is  given  in  (5.5  10)  ar.J 
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(5  5.12) 


(5  5  13) 


ITlt  derivatives  used  arc  the  specific  derivatives  of  the  ISO-Standard'  [5.5.12], 


As  the  aerodynamic  forces  are  the  orjy  ealemal  forces  in  the  equations  (5.5.10),  it  is  their  effect  that  will  be 
measured  by  accelerometers.  We,  therefore,  write 


According  to  (5.5.10)  this  is  decomposed  to  give 


+ 


(5.5.15) 


The  remaining  non-linear  terms  (products)  in  equation  (5.5.15)  can  be  appro umated  assuming 

•  small  values  of  the  angular  speeds  (p,  q,  and  r), 

•  small  variations  of  the  Ruler  angles  q)  and  9, 

•  small  variations  of  the  translational  speeds  (u,  v,  and  vtr). 

This  leads  to  the  fully  linearized  equations  of  the  translational  accelerations: 

/  -  sin  3o  -  A®  cos  00  \  /-'»o<?  +  *'oA 
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In  the  estimation  analysis  the  control  inputs  are  assumed  to  be  known  accurately.  In  the  helicopters  for  this 
study,  the  flij^ht  controls  arc  actuated  by  hydraulic  sy.sleins.  The  control  deflection  that  is  measured  may  rep¬ 
resent  the  position  of  a  control  actuat;>r  rather  than  the  immediate  aerodynamic  control  input.  In  lieu  of 
modelling  this  power  control  system,  an  effective  time  delay  between  the  measured  control  motioi,  and  the 
actual  rotor  control  input  is  assumed.  In  addition,  although  rotor  state  variables  have  been  omitted  esplicilly, 
the  rotor  dynamics  can  be  coarsely  modelled  as  time  delay  between  rotor  control  applications  and  the  aero¬ 
dynamic  response.  Although  this  delay  has  to  be  smalt,  it  may  still  affect  the  behaviour  ol  the  faster  rigid  body 
■nodes.  To  acknowledge  these  effects,  the  model  formulation  allows,  as  a  compromise,  the  introduction  of  a 
single  time  delay  for  each  of  the  four  flight  controls. 

To  complete  the  information  necessary  for  the  parameter  estimation  algorithms,  the  relationsfup  between  the 
observed  variables  and  the  slate  variables  has  to  be  specified. 

This  requires  detailed  calibration  knowledge  of  the  various  sensors  and  their  locations,  so  that  corrected  values 
to  the  centre  of  giavity  of  the  aircraft  can  be  determined.  The  data  supplied  by  the  experimental  groups  were 
largely  preprocessed  to  supply  data  relative  to  the  centre  of  gravity.  It  was  further  assumed  that  the  calibration 
relationships  were  linear  with  unity  scale  factors,  bui  allowing  for  unknown  bias  values. 

In  each  experiment  the  available  measured  variables  were  assessed  by  several  different  data  compatibility 
checks.  It  is  nolew'orthy  that  mcompalibilities  were  found  that  perhaps  rcflea  the  difficulty  of  interpreting 
helicopter  air  data  .neasurements  with  certainty  In  principle  these  air  data  sensors  are  to  be  calibrated  in  steady, 
rectilinear  flight  over  a  representative  range  of  speeds  and  climb  rales.  This  is  a  difficult  task  and  still  only 
defines  the  performance  of  the  air  data  system  under  static  conditions,  leaving  the  dynamic  response  charac¬ 
teristics  unknown  to  all  intents  and  purposes.  The  measurements  provided  by  the  'inertial'  Instruments,  such 
as  the  accelerometers  and  angular  rate  gyros,  also  contain  offsets  which  (although  they  should  be  .small  in  good 
quality  sensors)  will  vary  between  experiments.  The  model  for  the  ob.ser.ation  equations  is  shown  in  (.‘'  5.17). 

+  '’v 

Pm''  P  +  Pp 

<Jm”  «!  +  Pq 

^m=^  +  Pr  (5.5  17) 

<t>m  =  +  P<p 

Qm-  0  +  Pe 

8am  “  8x  +  P* 

8ym  *  8y  +  by 

8rm  ”  8r  + 


5.S.2.3  General  Slate  and  Obscio'ation  Equations 

The  general  stale  and  observation  equations  ate  described  in  (5. 5. 18). 

*(»)  -  ftx(f).  u(/),5„„J-hFn(f) 

y('i)  =  9  [x(f|),  u((|),  5]  +  G  n(f|)  (5.5.18) 

a(0)  =  2o 

where 

a  =  stats  vector  =  (u,  v,  w,  p,  q,  r,  <t>,  0)^ 
y  -  msasuremen!  vector  =  e^. 

I  =  vector  ol  unknown  parameters,  such  as  X„,  L,j|on  etc. 

Fn(()  -  slate  noise  •  Ideally  zero  In  oulput  error  method 
q(f,)  •>  Gaussian,  white  random  Identity  sequence 
Gn(f,)  »  Measurement  noise 

u  -  control  input  vector  -  ((5|<,n.  <f,„.  d^)' 

For  cur  Ihieai  case,  they  take  the  special  form  of  equation  (5.5.19). 


i{t)  -  A  K{()  +  B  u(f)  +  S  +  V  +  F  n{t) 
y(f,)  -  C  x(f,)  +  D  u(f,)  +  H  +  G  n(f,) 

*(0)  =  *0 


(5.5  19) 


In  these  equations 

A  and  B  arc  the  matrices  containing  the  stability  and  control  derivatives. 

S  represents  vector  of  aerodynamic  biases,  which  represent  the  reference  slate  about  which  the  manccuvrc 
is  performed  plus  the  clfects  of  any  deviations  from  perfect  trim  in  the  initial  state  for  each  manoeuvre. 

The  vector  V  contains  the  gravity  and  rotation  related  terms  in  the  force  equation. 

n(/)  is  the  noise  in  the  state  equation. 

1116  observation  equation  is  in  time  discrete  form,  representing  the  sampled  nature  of  the  experinicms  and 
contains  the  matrices  C  and  U  which  relate  the  observed  variables  to  the  state  and  control  varialilcs.  No 
new  unknown  parameters  appear  m  these  matrices  if  the  calibrations  contain  accurate  scale  factors. 

The  vccior  H  contains  any  measurement  bias. 

ntf)  represents  the  noise  sequence  in  the  measurements. 

With  the  system  s  .uctute  now  laid  down,  the  problem  becomes  primarily  one  of  estimating  the  parameter 
values  that  describe  the  aerodynamic  response  to  changes  in  the  state  variables  (the  stability  derivatives)  and 
the  controls  (the  control  derivatives).  An  important  clement  of  system  identification  remains  in  the  deselection 
of  those  parameters  that  do  not  or  only  marginally  contribute  to  the  lidclity  of  the  model  response,  a  procedure 
referred  to  as  model  structure  delerminalion 


5.5.3  Time-Domain  Idcntincaticn  Methods 

There  is  a  vast  body  of  theoretical  literature  on  the  properties  time-domain  optimal  estimation  methods,  when 

special  forms  are  assumed  for  the  noise  that  appears  in  equation  (5.5.19).  ‘ 

One  set  of  assumptions  defines  the  so-called  output  error  method,  another  leads  to  regression  methods  or  the 
so-called  equation  error  method.  These  will  now  be  discussed  Ln  genera!  terrtis 

5.5.3. 1  Output  Error  Method 

The  idealized  situation  underlying  thi.s  method  is  based  or.  the  absence  of  noise  in  the  slate  equation  and  the 
assumption  that  the  noise  in  the  observation  equation  consists  of  a  zero-mean  sequence  of  independent  random  j 

Vtuiables  with  a  (iaussian  distribution  identity  covariance.  The  objective  is  to  adjust  the  values  for  the  > 

unknown  parameters  in  the  model  to  obtam  the  best  possible  fit  between  the  measured  data  a.nd  the  cal-  j 

culatcd  model  response  y^..  I'or  aircraft  identification  the  Maximum  l  ikelihood  Technique  is  mostly  used:  fair  1 

each  set  of  parameter  values  in  the  model,  the  probability  of  the  response  time  histories  taking  values  near  the  ! 

obseived  values  can  be  defined  and  a  maximum  likelihood  solution  is  obtained  for  that  set  of  parametric  values 
that  maximizes  this  probability.  With  all  unknown  parameters  colIccteJ  in  a  vector  5,  the  Maximum  l.ikeli-  5 

hood  estimate  of  S  is  obtained  by  minimizing  the  negative  log  likelihood  function  given  in  (5.5.20),  ^ 

N  I 

y  [ym('i)-yc{(f,)]'(<5cV’[y^(f,)-y,j((,)]  +  ln  |G(5)g''(5)|  (5  5.20)  | 

with  ] 

y^  measured  i 

and 

=  model  output  based  on  parameter  vector  % 

The  difference  between  the  measured  and  model  response  time  hisinrice  ih.a!  appears  in  the  cost  function  is  the  « 

'output'  error  of  the  model,  so  explaming  the  name  of  the  method. 

Both  terms  of  the  sum  in  this  equation  include  the  matrix  G  which  describes  the  magnitude  information  of  the 
measurement  noise.  (The  pioduet  GG  is  the  measurement  noise  covariance  matrix).  When  the  noise  js  known. 


the  second  term  in  equation  (5.5.20),  is  constant  and  can  be  neglected  for  tlie  minimum  sciuch.  The  cost 
function  then  reduces  to  (5.5.21). 


/S  1 


(5  5.21) 


In  this  case,  there  is  a  quadratic  criterion,  wcigltted  by  the  measurement  covariance  niatiix.  So  in  pruir.iple,  tlic 
technique  is  a  wcightcci  least  squares  output  error  method.  In  general,  the  Maximum  1  ikdihood  method  also 
estimates  noise  statisiLs.  I’his  is  nut  done  in  the  techniques  used  in  the  Working  CJroup. 


If  th:  matrix  G  is  not  known,  the  measurement  noise  covariance  matrix  must  also  be  deU  rmined.  It  is  obtained 
from  (5.5.22). 


N 

gg’  =.  [y,n('i)-yct(M][ym('i)-yct('i)]" 

/= 1 


(5.5  22) 


A»  the  oIT-diag  mat  ierms  in  thi.s  matrix  have  no  physical  significance,  it  is  in  pt.telice  often  testricted  to  be 
diagonal. 


The  set  of  parametet  values  that  minimu.es  the  Maximum  Likelihood  cost  function  has  to  be  found  by  a  seajch 
procedute.  Several  types  of  such  procedures  exist  and  depending  on  the  ciicumstances  one  or  another  may 
prove  to  be  more  effective.  However,  the  most  v/idespread  method  is  the  Ciauss-Ne  vton  or  Newton- Raphson 
algorithm,  which  starts  from  a  set  of  initial  estimates  for  the  parameters  and  then  refines  tlicse  estimates  by  an 
iterative  method  that  stops  when  a  desired  level  of  convergence  has  been  reached.  ITie  updating  algorithm  is 
given  in  (5.5.23). 
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(5  5  2-t) 


(5.5.25) 


In  the  last  eque.tioii,  (5.5.25),  the  second  gradient  ^|ycn(f|)  's  needed  Its  compulation  requires  a  high  effort. 
As  this  expression  becomes  zero  when  the  optimum  set  of  estimated  parameters  is  reached,  it  can  be  justified 
to  neglect  this  term  at  all,  when  the  initial  starting  values  for  the  unknowm  parameters  are  not  loo  far  away  from 
the  final  'true'  values.  This  approach,  known  as  Gauss  Newton  or  modified  Newlon-Raphson  approximation, 
is  com)  nationally  very  efficient  and  sometimes  results  in  supei'.or  convergence  performance  of  the  iterative 
search.  Neglecting  the  second  gradient  does  not  affect  the  final  optimal  values  of  the  parameters. 


The  Maximum  Likelihood  Technique  is  an  iterative  pioccdutc.  It  minimizes  the  differences  between  measured 
data  and  the  calculated  response  of  the  identified  model  by  modifying  the  model  parameters.  'Ihe  main  steps 
in  the  procedure  arc: 


1.  calculation  of  the  cost  function  value;  (5.5.20), 

2.  determination  of  the  measurement  noise  covariance  matrix;  (5.5  22), 
.3  update  of  the  values  of  the  unknown  parameters:  (5.5.23), 

4.  vialculation  of  the  time  history  response  of  the  updated  model. 
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5.  calculation  of  the  new  value  of  the  cost  function. 


Ihi-s  procedure  is  relocated  until  the  chaiigc  in  the  cost  function  is  smaller  than  a  prescribed  value.  The  chaotic 
in  the  cost  function  also  indicates  convergence  of  the  estimation.  To  start  the  technique,  a  li/st  guess  for  the 
unknowns,  the  apriori  values,  is  needed.  They  shotild  be  as  close  as  possible  to  the  'Ir’c'  values  to  improve  the 
convergence  and  to  avoid  that  the  estimation  cntls  up  in  r  local  minimum.  I'o  obtain  starting  values,  a  least 
squares  equation  error  technique  is  often  applied. 

Ihe  core  of  the  computational  crTort  lies  in  the  calculation  of  the  gradient  of  the  cos!  function  with  respect  to 
the  parameter  vector.  Ihis  gradient  can  be  computed  by  finite  diflerence  techniques  or  by  analytic  differen¬ 
tiation.  In  the  /jnilc  difTcrcncc  technique  the  elements  of  the  gradient  arc  dclet  mined  by  perturbing  each  of  the 
elements  of  the  parameter  vec  tor  in  turn,  leiiitegniting  the  model  equations  to  determine  the  perturbed  model 
response  and  then  using  these  perturbations  to  form  the  approximate  finite  difference  fonn  of  the  desired  partial 
derivative  ITic  choice  of  the  magnitude  of  the  parameter  pcilurbation  has  to  be  made  with  care  when  the 
model  equations  arc  non-Ilneajt.  In  the  latter  case  the  alternative  cf  analytic  differentiation  is  not  attractive,  but 
for  the  case  of  linear  systems,  such  analytic  differentiations  ofien  turn  out  to  be  much  more  efficient. 

The  Maximum  likelihood  estimator  also  provides  a  measure  of  the  reliability  of  each  estimate.  From  (5.5.25) 
the  Gauss-Newton  Approximation  (ncglcction  of  the  second  ^adient)  yield.s  (5.5.26) 


1(5)  » 


(5.5.26) 


This  is  the  so  -called  information  matrix.  Tor  the  idealised  ease  of  no  slate  noise  and  simple’  measurement  error 
properties  the  Maximum  likcldiood  estimation  leads  to  asymptotically  efficient  unbiased  parameter  cslimales. 
'Iben,  the  inverse  of  the  infomiation  mairix  giver,  in  (5.5.27) 


co,^a/t5)  =  [I  (5)) ' 


(5  5.27) 


is  the  covariance  matrix  of  the  estimation  errors,  which  is  a  iT;casure  for  the  accuracy  of  the  estimated 
unknowns.  This  uncertainty  icvcl,  called  the  Cramer-Rao  bound,  for  the  individual  parameters  is  obtained  from 
the  diagonal  terms  by  (5,5.28;. 

CR(5f.)  “  [covar  {5.5.2S) 


The  obtained  values  are  often  referred  to  as  standard  deviatiot'S  of  the  identified  parameters.  It  should  be 
mentioned,  that  these  values  indicate  the  lowest  obtainable  bound.  They  are  very  useful  for  the  comparison  to 
each  other  to  develop  a  feeling  about  the  reliability  of  the  estimation.  Tor  a  practical  interjrrclation  they  are 
usually  too  small  and  it  is  often  suggested  to  multiply  these  values  by  a  factor  of  5  to  ID  to  make  the  standard 
deviation  physically  more  meaningful. 


'Ilie  covariance  matnx  (5.5.27)  also  provides  infomiation  about  the  correlation  between  parameters  to  be 
identified.  The  correlation  coefficients  air  obtained  from  (5.5.29) 


coviir<m,n) 

fn)  - - ny 

(co  var(nn)covar(nim)] 


(5.5.29) 


Both,  the  standard  deviations  and  the  correlation  coefficients  are  extremely  helpful  in  the  search  for  an  appro¬ 
priate  model  structure.  Output  error  techniques  make  this  infomiation  readily  available  as  it  is  aned  fiom 
the  inverse  of  the  information  mairix,  which  has  to  be  calculated  anyhow  foi  the  estimation  procedure. 

It  should  be  pointed  out  that  the  reality  of  the  working  model  obviously  represents  a  considerably  more  com¬ 
plex  situation  than  that  of  the  ideal  assicnptiuns  in  ihe  observation  equation  of  no  slate  noii.e  and  random 
measurement  noise  of  a  simple  stati.slical  type.  In  the  first  place,  the  measurement  erroj-s  are  likely  to  contain 
modelling  errors,  largely  because  of  the  limited  knowledge  of  the  dynamic  behaviour  of  the  air  data  system 
The  magnitude  of  these  modelling  errors  may  be  appreciated  from  the  dala  compatibility  studies.  To  the  extent 
that  such  modelling  errors  exist,  Ihe  measurement  error  will  contain  contributions  that  reflect  the  particulars 
of  the  manoeuvre.  Secondly,  the  assumption  of  no-slate-r.oise  i.*  equally,  or  perhaps  even  more  strongly,  vio¬ 
lated.  The  flight  lesis  may  have  experienced  some  residual  turbulence  which  would  then  represent  a  random 
contribution  to  the  state  noi.se.  More  importantly,  the  model  we  have  adopted  for  the  helicopter  is  only  an 
approximation  to  its  real  chzracicristics  and  will  therefore  contribute  modelling  error  to  the  slate  noise-  Under 
these  non-ideal  real  circumstances  it  is  not  pos.sible  to  stale  that  the  use  of  the  out, out  enor  algorithms  will  lead 
to  unbiased  estimated  parameters.  Nevertheless,  use  of  the  algorithm  to  estimate  parameter  values  remains  a 
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pow  erful  und  useful  tool.  Also  the  indicators  of  the  "<juality"  oi  .  parameter  estimates  ciiilKidicd  ui  the 
Cramcr-Rao  bounds  and  conclatit'n  matrix  arc  still  cxpcctcil  to  indicate  in  a  rclato'c  sense  which  parameters 
are  liriTilv  detennined  and  which  parameters  pla>  a  less  important  role  in  the  model.  I  his  infonnation  provides 
then  a  guide  to  removing  the  margjr.al  parameters  from  the  paramclci  set  to  be  used. 

In  th;  Wfi  18  project  several  computer  pruttrams  based  on  the  output  error  method  aic  used.  Some  of  these 
are  cooltncd  to  linear  model  cnuatinns.  'tlie  use  of  these  linear  algorithms  requires  either  the  use  of  the 
lincari/.cd  fonns  of  the  gravily  and  rotation  related  terms  in  the  force  equations  or,  as  an  alternative,  the  treat 
ment  of  these  non-linear  terms  as  known  functions  calculated  from  measured  values.  If  the  model  with  its 
o.otimally  estimated  parameters  provider  small  differences  between  the  calculated  model  responses  and  meas¬ 
ures'  variables,  then  this  approach  wdl  be  reasonable  nnd  computationally  effective. 


1 

1 


5.5.3.2  Equation  Error  Method 

Ilic  thcoreticaJ  ideal  leading  to  the  output  error  method  b  based  ou  no-staic-noisc  so  that  only  measure¬ 
ment  noise  IS  piescnt  arid  it  is  assumed  to  be  of  a  simple  random  type,  A  converse  ideal  situation  would  occur 
when  the  measurements  are  without  error  and  the  stale-noise  present  is  assumed  to  be  random  with  simple 
statistical  properties.  In  this  case  the  unknown  parameters  can  be  erliinatcd  with  non-iterative  methods  in 
wnich  the  systciu  model  equations  do  not  have  to  be  integrated.  As  shown,  the  application  of  lliis  method  uses 
tl)e  mcthodolog)*  of  regression  aiialysis. 

If  we  assume  that  a  .sufficient  number  of  observed  variables  are  available  lo  determine  tlic  state  variables  from 
the  ebservation  equations,  then,  if  the  measured  variables  arc  measured  without  cnor,  the  state  variable.^  can 
also  be  determined  without  error.  tTiesc  are  then  completely  deterministic.  Now,  the  linear  parametric  repre¬ 
sentation  of  the  specific  aerod)'namic  forces  and  moments  in  terms  of  the  perfectly  known  state  variables  can 
be  confronted  with  the  time  histories  of  these  forces  and  moments  as  determined  from  the  accelerometer 
measurements  and  the  angular  accelerations  provided  by  numerical  dijTerentiation  of  the  angular  rate  mcas- 
uremciiis  ('ir  from  angular  acceleromctcis,  if  available); 

y(f,)  "  fo+ ■  +fo-i*/i.-i<'i)  +  Hf|) 


or: 

y  w  X  ?  -b  e 


(5.S.30) 


ri'.e  functions  Xi(f,)  through  x„  _  ,(f|)  represent  the  perfectly  known  state  variables  and  control  inputs  and  y^f,) 
represents  one  of  the  observed  components  of  the  specific  force  or  angular  acceleration.  The  function  €(f|)  i.s 
called  the  equation  enor.  The  following  assumptions  are  made: 

•  1  he  equation  erro’’  c  is  stationary  with  zero  mean. 

•  «  is  unccrrelaled  with  the  state  variables. 

•  llie  state  variables  x,  are  without  error. 

•  c  is  idr.-iiically  distributed,  iincorreUtcd  and  has  the  variance  o  . 

In  vector  fonn,  the  observation  vector  y  represents  the  variables  measured  at  W  time  intervals,  one  at  a  lime 
Similarly,  the  slate  variables  and  control  inputs  are  each  perfectly  known  .vt  W  intervals  The  vector  y  is  then 
nKl  and  the  matrix  X  is  A/xn  Under  these  cirtumslances  the  paiameler  vcclor  5  associated  with  ihe  particular 
observed  variable  is  estimated  lo  be 

^est  =  (x^r’x\  (5.5  31) 


ITic  covariance  of  the  c.stimalcd  parameter  vcclor  is  pven  by  (5.5.32). 
£l(5est-5)(«e,t-l)'}  - 

with  0  estimated  by 
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When  in  addition,  the  st;Uc  noise  is  assumed  lo  he  nonnai.  i.c.,  to  have  a  C^aus^ian  distribution,  then  the 
classical  measuies  of  significance  of  the  regression,  the  F  nuinlfcr,  the  partial  f  numbers  and  the  squared  mul* 
tipic  correlation  coefficient,  can  be  expressed  as  in  (5.5.;^3). 


(r»  -  1)s’ 

V  -  i  E  y(',) 

tm  1 

^  Csi»'y  - 
y\  -  .Vy  ’ 


(5  5  33) 


A  deliberate  selection  of  the  significant  paiainetefs  can  be  made  by  using  a  stepwise  tegressinn  pmccdurc.  In 
such  a  procedure,  the  (regression)  model  increases  its  complexity  by  ndduig  one  new  term  at  a  lime  from  the 
group  of  available  slate  variables  arid  control  inputs  to  the  model  ITie  selection  can  be  guided  subjectively  by 
the  analyst  or  be  under  the  control  of  a  computer  algorithm.  Typically,  the  fust  regression  variable  selected  is 
ilie  unc  that  exhibits  the  largest  correlation  with  the  dependent  variable,  y.  Subsequent  decisions  arc  made  on 
the  basis  of  new,  modified  regressitiO  problems  in  wiiich  modified  dependent  variables  tire  teprescnicd  at  each 
step  by  their  res'duaJs  that  result  v  hen  the  prediction  by  the  model  detormined  in  the  previous  step  is  sub¬ 
tracted,  e  g  aAer  two  steps, 

y  “  y  (fcsilo  “  *1  ~  f^est)2  *2  (5-5.34) 

Ibc  next  regressor  to  be  added  to  the  model  will  K  that  variable  from  amongst  the  remaining  candilatc 
regressor  functions  that  shows  the  highest  correlation  with  the  modified  dependent  variable  At  each  step  the 
partial  F  numbers  are  determined  for  each  of  the  parameters  that  have  been  entcicd  into  the  problem  and  only 
those  that  exceed  a  threshold  for  their  partial  F  values  stipulated  by  the  analyst  will  be  retained.  Ilic  procedure 
will  terminate  when  no  further  additions  to  the  model  can  meet  the  threshold  criterion 

Several  implcmcnlaiions  of  the  Mcp'wisc  regression  procedure  arc  available  in  coinmcicial  slali.slies  softw.are 
,iark.:p.es,  and  a  number  of  laboratories  have  developed  their  own  programmes.  ITie  actual  matrix  anthmclic 
in  these  programmes  is  finely  tuned  to  be  as  efficient  as  possible  and  to  minimize  the  effects  of  poorly  condi¬ 
tioned  problems 

As  mentioned  previously,  the  rigorous  theory  for  this  method  is  based  on  the  assumptions  of  perfectly  known 
stale  variables  and  random  noise.  For  the  F  value:  to  be  statistically  meaningful  this  random  ni’ise  has  to  be 
a  white,  Gaussian  sequence  In  reality  these  assumptions  are  violated,  "^ven  when  state  rcconstnicled  values 
are  used  for  the  state  variables,  hopefully  improving  their  accuracy,  these  will  still  not  be  perfectly  known. 
Under  such  conditions,  the  estimates  will  no  longer  be  unbiased.  Al.so  the  noise  statistics  do  not  satisfy  the 
assumed  characteristics,  partly  because  of  modcUiiig  errors,  aiid  ihc  information  carried  by  the  partial  F  values 
as  deicnnined  by  the  application  of  the  regression  method  is  no  longer  closely  related  to  the  actual  variance 
of  the  parameter  estimates.  This  is  clearly  illustrated  when  the  parameter  variances  c.ali  ulalcd  on  Ihc  basis  of 
applyuig  the  method  to  a  number  of  different  experimental  time  historie.s  are  analyzed.  These  turn  out  to  be 
significantly  larger  than  the  variances  inferred  from  the  pa.  ial  F  values.  As  is  the  case  in  the  application  of  Ihc 
output  error  method  luider  non-idea!  circumstances,  the  use  of  the  equation  error  method  and  the  iidurmalion 
about  the  relative  importance  of  the  various  parameters,  especially  where  augmented  by  practical  judgement, 
nevertheless  provides  usable  information. 


5.5.3.3  Closing  Comments  on  Time-l>oniain  Methods 

On  theoretical  grounds  the  application  of  both  output-error  and  equation-error  methods  is  flawed  in  that  nei¬ 
ther  promises  to  deliver  unbiased  cs'.iniales  of  the  parameters.  Smoe  in  the  WG  IR  project  we  analyze  (light 
test  data  of  aircraft  for  which  the  model  is  not  accuiately  knosvn  s  priori,  the  prefereme  for  a  particular  method 
or  combination  of  methods  will  depend  oti  Ihc  ability  of  the  identified  model  to  predict  aircraft  performance 
in  some  sense.  'Ifus  ability  is  assessed  via  model  verification  discussed  later  in  this  section  and  model  robustness 
discussed  in  section  7. 


5.5.4  Frc<)iicflcy- Domain  Idenlincation  Mrthoda 


I'he  olariuig  point  in  ffcqucncy-domjun  idcntificatton  mcthoU:  is  the  conversion  of  time-based  data  to  fre¬ 
quency-based  dHta.  ITiis  ctmvcrsinn,  which  is  batch  and  non-itciativc  process,  involves  a  coitsidcrablc  amount 
of  data  Conditioning  not  required  for  time-domain  methods.  However.  onc»*  tlie  frequency-domain  data  base 
is  completed,  the  computational  burden  of  the  parameter  nonlinear  search  is  considerably  reduced  Als<\  there 
arc  some  important  benefits  of  ft^rmulaling  the  cost  function  in  the  frequency-domain.  ’I  his  section  presents 
an  overview  of  frcqncncy-dcmaiii  methods  used  by  W(i  18  members. 

Overview  of  F-regueacy-Oomain  Methods.  Discrete  data  arc  converted  from  time  sequences  to  frequency 
sequences  using  the  I'ast  I'ouricr  Transform  (M"l').  in  conjunction  with  data  windowing  and  digital  filtering 
'These  resulting  frequency  sequences  arc  estimates  of  the  Fourier  Series  cocfTicients  for  continuous  time-history 
signals.  Ihese  Fourier  cocfRcirnts  arc  used  to  calculate  the  signal  |>owcr  ?xclral  density  (PSD)  fimctions, 
which  provide  importau*  information  on  the  frequency  content  of  excitation  and  response  signals,  as  needed 
in  lest  input  design.  Hie  frequency-response  function  and  associated  accuracy  metric,  the  coherence  function, 
am  determined  directly  from  the  PSD  results;  these  arc  the  'non-paramctric*  identification  results  that  arc  very 
useful  for  handling-qualities  analyses,  simulation  validation,  and  fight  control.  Frequency-response  data 
obtained  from  fliglu  responses  containing  ntuUiplc  control  inputs  arc  post-processed  to  remove  the  effects  of 
partially-correlated  control  inputs. 

Parametric  identification  equations  ba.tcd  on  outpul-ciror  and  equation-error  cost  function  fotinulalions  pre¬ 
sented  earlier  for  the  time-domain  techniques  are  essentially  unchanged  for  the  frcqucncy-dornain  solution, 
once  the  time  index  is  replaced  by  the  frequency  index.  Vransfer-funclion  identification  is  completed  by  direct 
fitting  of  singlc-input/singlc-output  (SISO)  frequency-responses  using  an  assumed  transfer-function  model 
slnicturc.  Stale-space  model  identification  based  on  frequency-response  cost  functions  is  achieved  by  simul¬ 
taneously  filling  the  MIMO  set  nl  frequency-responses. 

Conversion  to  the  Frcqucncy-Domaiu.  ('onlinuous  time-history  signals  arc  converted  to  the  fn  qucncy*domain 
via  the  Fourier  Transform.  For  example,  the  time-based  signal  x(0  is  converted  to  the  frequency-based  signal 

m  by: 


X(0  -  I  (5.5  35) 

ITic  c()nditioi\  for  existence  of  the  Fourier  I'ransform  X(f)  is: 

|x(()|  dt  <  oo  (5  5.36) 

I'his  condition  for  existence  is  satisfied  provided  that  the  time-his'ory  sign.vl  x(l)  is  bounded  (ie,  does  not  blow 
up).  Hie  piloted  frequency-sweep  Icclirtiquc  requires  that  the  test  starts  ami  ends  in  trim  (x(0)  =  x(f,)  «=  0), 
thereby  ensuring  that  this  condition  is  satisfied.  It  is  important  to  cmphasi/c  here  that  the  I'ourier  I'tansfonn 
IS  valid  and  can  be  delemuncd  without  modification  for  flight  data  obt.iincd  from  helicopters  that  exhibit  either 
stable  or  unstable  (most  common)  dynamic  ciiaracteristics.  Furthermore,  the  frequency-response  function 
H{l)  which  relates  the  input  and  output  Fourier  I'ransforms  (X(f)  and  Y(/),  respectively)  will  also  exist  and  be 
completely  valid  for  either  stabie  or  unstable  sy.stems: 

Yif)  -  H{f)  X{f)  (5.5.37) 

Flight  test  techniques  and  numerical  examples  of  extracting  unstable  rcsp.vn.se?  are  presented  by  Tischlci 
[5..5.7]. 

Rea!  liinc-lustory  da  a  is  of  finite  time  duration  T,  so  the  Fourier  I'ransform  of  equation  f5  S..)5)  becomes  the 
the  lunitc  Ihruricr  1  r  uisform: 


X(f,T) 
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(5  5  3B) 
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riic  aHOri!  Icn^h  T  is  ihc  fuiul.nuciilal  pcfi(«!  of  the  Mgnnh  and  defines  ihc  iiiiiiini(nii  frequency  of  identifica¬ 
tion: 

^niln  “  (5.5  39} 


I'rcqucncics  a/ <  d«  not  exist  in  the  data  so  caimol  be  klciitifird  [  padding  with  7crocs'  simply 
produces  intcqxdation,  and  doc.s  not  allow  lower  frequencies  to  be  idcniiftcdj 

When  the  data  is  in  digital  ftmn,  as  is  the  ease  here,  Ihc  luiiitc  I‘r)uricr  Transronn  is  calculated  iligitallv  via  the 
Discrete  rouricr  I  ransfomi  (1)11): 


N- 


X{('J  =  /(A  AO  ”  Af  ^  x„  expL-y2ff(An)/N] . 

A  -  0.  1.  2 . N-^ 


(5  5.40) 


whore: 


X(/j^)  =  Fourier  coefTiclenls 

>,,  =  data  points 

At  es  time  In  rement 

N  «  number  of  discrete  frequency  points 


I'iiiatly,  the  Past  I^*uricr  I  ransfonn  ("I  I  I"’)  is  a  l•u^lcrically  cfficicnl  algoritlim  for  njculating  the  D!  I  1  he 
quality  (accuracy,  resolution,  random  error  rontenf)  of  the  achievable  frequency  domain  data  and  resii’iing 
mr^dcl  Identification  results  is  sigitificantly  enhanced  by  a  number  of  relatively  easy,  but  impoiianl  data  proc¬ 
essing  procedures  (Ifendat  and  Pief.a)I,  1986,  [5.5. 3];  rischler,  1987,  [5  5-6].  I'i.schlcr  and  (  auffman,  1991), 
[55.S]): 

•  l>igilal  prefiltcrinR 

•  (ivcriapped  /  '..ipcicd  wincloi.ing 

«  Chirp  z-lraiisfimi 

•  ('ompositc  window  averaging 

when  tile  iimc-hisinry  lines  not  end  in  trim  (eg.  ^2l  I  lest  inputs),  a  correction  (enii  c.ui  la-,  .ipplied  to  the  I'l- 1 
to  account  for  tlie  conversion  error  introduced  by  the  Inincation  effects  in  csjuation  (.5  5  .fS)  (I  n  ct  :d  ,  198,1. 
[S  .t.PJ).  However,  this  cotrcction  term  is  not  signiHcaiU  if  tapered,  overlapped  window.s  arc  used,  as  is 
recommended. 


Spectral  l  unctions.  fhc  I'ourier  cocfTicieiils  can  be  manipulated  to  determine  Ihc  rpeeli.il  distribution  of  the 
input,  output,  and  cross  correlated  signals  --  the  power  spectral  density  (  PSD')  functions: 

Input  autosjKctrum: 


I U  -  1.63  tor  Hanning  window 
•=  distribution  of  ax  as  a  function  of  frequency 
Output  aulospcctrum: 

Gy,(»'k)  -  ^  ingi’ 

s=  distfibullon  oi  yy  as  a  function  of  frequency 


{5.5.41) 


(5.5.42) 


Ctoss  spectrum: 

G.yffk)  =  ^  fx'funr,)] 

«  distribution  of  xy  as  a  function  of  frequei.ey 


3  43) 


lixamination  of  the  input  aulospcctrum  piovides  Ihc  bandwidth  of  the  excitation  .signal,  llie  key  characteristic 
for  input  signal  design.  Test  inputs  for  syseem  identification  must  have  excitation  haiulwidlhs  that  cover  the 
frequency  range  of  the  intended  application.  An  examj.'le  of  input  signal  analysis  based  on  auto.spectrum  eval¬ 
uation  is  presented  in  section  5.2. 


I'fequency-Responsc  Calculation-  ITie  SISO  frequency-response  H(f)  is  determined  from  the  PSU  functions: 


(5  5  44) 
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Ihc  fIc^ucncy•rc;^J>on5c  a5  (.Ictrniiiucil  from  cqnatum  (5.5.44)  is  mihi.'iscd  in  the  priscr)cc  ot  output 

incasurcmcm  noise  (aircraft  rc.^ptmsc  scnsi>fs),  jorJ  process  noise  (eg  turbulciKc).  1  his  is  a  key  bcucfil  of  fre- 
<|iicncy*rc5ponsc  based  identinextion  mclbods  as  compared  to  equation -cnor  or  output  error  approaches. 

Tlic  ad'.cft’ncc  function  calculated  at  each  frequency  point  indicates  th;  accuracy  of  the  identified 
frcquci  '  Y-rcNponsc: 

,  IG,y(0l" 


('ol'crcntc  fuiiclioii  valiii  s  lcs>  unity  arc  due  in  nonlincarilicti  in  the  input  to  output  process,  or  the 
presence  of  incasurcmrnt  ii  lisc  or  process  noise.  A  coherence  function  of  (treater  than  0.6  generally  indicates 
acccptalile.  idciitifieation  accuracy  for  that  frequency  point. 

iTcquency-Responsc  Idcntirication  When  Multiple  Paitially-fionclaicd  Inputs  .ire  1‘iescnt.  Most  test  data 
generated  liy  a  pilot  or  with  computer  generated  signals  involve  inputs  to  multiple  controls.  l  or  example,  in 
Ihc  frcqucncy  swccp  test  technique,  the  pilot  in.ay  apply  inputs  in  the  secondary  channels  to  maintain  aircraft 
motion  nc.ar  the  reference  fliglit  condition  If  dynamic  coupling  exists  in  Ihc  system  lx;ing  identified,  the  pres¬ 
ence  of  correlated  secondary  inputs,  if  ignored,  will  bias  frequency  'cspon.'cs  obtained  from  the  SISO 
relationship  of  equation  (.“i  5  44)  (  I  ischlcr,  19R7.  [S.5.6J)  I  hc  ciirrcct  responses  arc  obtained  from  the  miilli- 
inpul.Ainglc-oolput  MISf)  solution  of  Ihc  matrix  frciiu  ■liey-respoiisc  equation  at  each  frequency  point  fOtnes 
ct  ah,  1978.  I  5.5  1(1]). 

T(fk)  =  G-'(fr)  G,^(4)  (5  5  46) 

where 

Gk«(C)  “  "c  X  'V  'f'4lrix  of  auto  and  cross  spccira  between  'he  inputs 
Gxy(U  ”  '  c  ”  '  matrix  of  SISO  cross-spectra  between  each  control  input  ant) 
the  sinyle  input 


I  hc  associated  coherence  function  obtained  from  the  MISO  solution  is  referred  to  as  the  'p.-ulial  cohetcncc" 
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(5.5.47) 


Ibis  .suliition  is  repeated  for  each  of  the  (n^)  outpuU  to  obtain  the  (n^-x/i^)  MIMO  set  of  'conditioned*  fre¬ 
quency -rcsfxinsc.s. 

Output-ciTOr  and  l.guation  lxrror  l  omiulations  in  the  I’rcquency-Oomain.  I  hc  liinc-doin.ain  M.ate  equations 
((5  S.IQ))  arc  converted  to  the  frequency -iloinain  by  taking  the  l-ouiici  iTansform  and  dropping  the  initial 
Oi‘n<lilion.i  and  bi.as  leini.s; 


fuj  X(a/)  «  A  X{w)  +  B  o(a/)  + 

Y(w)  1=  C  X(fi/)  +  D  u(a;)  4  G^^(a/) 


(5  5,4B) 


where, 

uto/)  ajid  Y(ct/)  arc  the  control  (input)  and  output  I’ourier  coefficients  obtained  Irom  equation  (5.5.40) 
with  10  ®s  2r/f. 

is  the  I\S1)  of  the  process  noise 
is  the  I’Si)  of  the  mcasurvinent  noise 

Including  Ixilh  process  and  nieasurcincnt  noise  sources  leads  to  the  general  trcquenc  y-don\nin  Maximum- 
I  ikelihood  problem  (Klein,  1980,  [5  5  5])  I  he  frequcncy-dornatM  outpul-enor  a/id  cqualion-crrov  soiu’ions 
follow  ilircctly  from  the  earlier  lirnc-domain  solutions: 

G„n(w)  «  0  '«■  Output-error 
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—  u  }  <|u»lioii  cn<'‘f 

Ai  fiisl  Kh'k.  i!  n»T>  ^  pea*  Joa]  of  lOitiputAlionAJ  cflori  hj-s  been  ci^pcnd'>J  to  amve  hghi  hack 

Ai  ifbc  %*tXK  r<|i».Mion  error  And  oiit|nil-cTTot  !k>lutinn^  ohlainaHc  in  ihr  time  domain.  Mut,  there  are  some 
iin^Mianl  benefit^  u^in^  ihr  frc«4»K!U)  domain  fonnulation.  c*pct*iaJI>  for  nJcntifyinjr  higher  order  modch 
ol  hrhiopici  d>r.aii)K^  that  inihidc  wnlrK  <j^crd  d\nami<  (eg  fuvlage  and  rotor  modes)  I  his  problem 

is  d)«<ussrd  in  detail  b>  I  u  et  al  dM  I  l)i  In  the  cunriit  applicatum  to  the  identifuation  of  <>  l>o|- 

liandltng  qualities  imutrh.  the  niosl  sipufic.^ni  benefits  of  the  frrqucnr) -domain  nirlhoiU  arc: 

•  i  hrtt'i  estiiiiAiiofi  t»f  time  dcl.iN'-  I  hiv  is  very  irnfaKtaiit  f<*f  achieving  a  representative  model  I  ime  delays 
an  dirut!)  ami  iri>  actui.n)  drlrnnitu'd  vkith  frrqtieiii\*d(tiiiain  methods,  simc  such  delays  have  a  hnraj 
cHrit  <Mi  llir  cost  fuiution  to  contrast  timc-dtunam  mclhiKls  can  estimatr  these  delays  only  in  an  indires't 
1«shM>n 

•  Matid  liinihMg  liata  and  hequrtuN  vvvtghting  In  ihe  frequency  dmnaiii  fonmilalion,  the  cost  fiiru'lion  is 
(j^UiiUirtl  nnl\  in  the  firquriuy  raiifre  selected  b>  the  user  Ibis  allows  the  analyst  to  ch^sclv  rnatcli  the 
d.ii4  with  tin*  nu'ilcl  sliu«  hue  i  oj  cnainplc.  the  ^  l>i>l  identification  is  conducted  in  the  frequency  range 
U|'  h<  the  (ir*t  rolui  trpessiiig  flapping  iiuhIc  Withifi  the  idcnldkation  lange.  the  ftcqucnc)  domain  filtiiig 
rtiofs  an  equaJK  weigjic'^t  at  all  frc'qoeiuies  t -nless  specific  explicit  weighting  is  applied,  the  time-domain 
fcHinulation  provides  liiglu'i  weigliting  of  the  lower  frequencies  whicli  can  depade  the  idcnlific  alion  (>f  the 
lughct  hc-i^iimc  >  iiuhIcs  Abo.  the  data  must  be  diptalK  filtered  to  achieve  lime  dmnain  hand  limiting  for 
tunsislitus  witli  tfte  model  stnjctim* 

I  ivciueiicy  Kcs|m»nss-  1  sist  I  unction  1  oimulatKUi  llic  frcquciu v-responw  ci>s|  funelK'ii  is  fotmuUted  h\ 
taking  the  I  aplace  I  taiisfunu  of  equation  ( S  41)  and  solving  for  the  statc-spac'c  mode)  transfer-function 

T„,(M  -  C!sl  -  A)'’b +  D  (SI  49) 

A  in. Otis  ol  time  dela\s  ;  o  iiichickd  in  the  model  b\  noting  that 

T„(.<)  -  f"'  (5  5  50) 

So.  th<  frcq'iriiiN  rcspoiivs  ol  the  slate  space  model  arc  obtained  by  substituting  s  ■»  juf 

-  {Cyw  I  -  Ap’B  +  0)  e*'’"  (5  5  51) 


The  unknown  sta*c  space  model  parameters  (0)  in  the  matriees  A.  8.  and  r  are  dctcimined  h\  mmimi/ing  J. 
n  wfigjited  <‘»si  funitKUi  ol  llir  error  €  between  the  identified  frequriuA  rrsponvs  T(/to)  [of  equation 
{*s  54^)J  and  the  muhIcI  rvspiuivs  (of  cquahort  5^SI)jovcf  a  scdcctcil  frr«|ucrn  y  rnngc 


d(G) 


faV  O)  W¥(u;^  O) 


(5  5  52) 


Ihe  fn-qiu'ii( )  ranges  fm  the  I'JeniifKalion  cnteinm  (oq.  f<q.  ....  o/n'  are  seleslrd  individually  for  each 
input  output  pan  according  to  their  iiKtiMclua)  ranges  cd  pmd  coheirmc  In  this  way,  only  valid  data  are  used 
in  the  fitting  proirss  VS'ithiti  *hrsc  Crrquerit)  rango.  Iht  points  are  8rlec»etl  linearly  across  the  loganthmic  fit  ■ 
sprcius  langi  Ihe  wcipihng  matnx  (W)  is  basest  on  the  valors  of  eoherenec  «l  each  frequency  point  to 
emphaM/e  the  most  accurate  dsia  1  hev  features  arc  kr>  bcnclils  t>f  the  ffcqucncy-rcsponsc  approach 

As  in  the  lime  domain  inetho'Js.  the  (.'famcr  Has*  bounds  and  paiarnriei  correlation  infotmalion  are  obtained 
fiom  the  numcncal  estimate  of  the  Hessian  matnii  M  I  f*r  the  frequency  response  mcthml 

M  -  vLj  -  ~  =2d’w0  (55  531 

«e’ 

wlnie  O  ■  df,/d0j  is  ol>tamcd  iivimerrcall)  from  first  diffcrcnves 
I  hr  (.  fanKr-Hao  K»wcr  Kfund  fo;  each  parametcf  CR,  i*  obtained  as  before; 

C.R,  -  (5  5  54) 


A  rraM'iiiMc  cmitnilr  i)f  (he  paxuiK'Icr  aiindard  deviation  usually  require*  a  scale  fsrlor  of  5  lo  10  on  (he 
("ismci  Rail  Imund  to  amiuiii  fiii  tnotIclUng  errors  ami  nnn-Oaussiaii  noise  llie  frequency  resixinse  ratio  of 
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equation  (5  5  44)  cllininatcn  the  noise  efTccts,  which  from  experience  lowers  the  appropriate  scale  factor  to 
about  2.  1  Ilia  factor  is  included  in  all  tabulated  Cramer-Rao  bound  results  for  the  A1  D15. 

Coiicludintt  Remarks  Renardina  I'regucncY-Hornain  Methodi  rrequency-doma'in  niethods  provide  some 
important  benefits  in  nitorcraft  system  identification,  especially  in  the  identification  of  higher-order  models 
with  widely  spaced  dynamic  modes  The  tradcofi  is  in  the  considerable  amount  of  data  conditioning  involved 
in  the  conversion  of  the  time-domain  data  base  to  the  frequency-domain  data  base.  The  proliferation  of  data 
in  this  conversion  process  makes  a  data-basing  capability  very  important.  Also,  since  frequency-domain 
methods  tend  graphics  intensive  (spectral  curves,  frequency-response,  coherence,  etc),  user-friendly  graphics- 
oriented  software  is  important.  *fhc  growing  availability  of  frequency-domain  identification  software  is  a  key 
factor  in  recent  growth  of  inteicst  in  these  techniques.  Sophisticated  software  for  output-error  and  equation- 
error  formulations  has  been  developed  by  Dl.R  and  University  of  Glasgow  Ihc  ATHD  has  developed  an 
integrated  package  (or  the  frequency-response  based  approach- 


5.5.5  Time-Dutnain  Vci  iflcatlon  of  Idenlincd  Models 

lime-domain  verification  is  completed  by  driving  the  identified  stale-space  model  with  (light  data  not  used  in 
the  identification  process  Ibis  is  useful  for  assessing  the  differences  (ictwccn  alternate  model  structures  and  for 
checking  the  model  s  predictive  capability  A  key  concern  is  that  Ihc  model,  which  was  identified  based  on  one 
Input  form,  must  be  capable  of  predicting  the  response  characteristics  to  other  input  forms. 

The  slate-space  equations  arc  integrated  in  Ihc  time-domain,  with  the  model  .liability  and  control  parameters 
held  constant  at  their  identified  values  Ibcn.  the  oulpul-crror  algorithm  is  ustd  to  solve  for  the  unknown 
biases  and  rcfcrc.scc  shift.s  in  the  verification  lime-histoiy  records. 
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6.  Identification  Results 

In  this  chapter,  idcntillcation  results  obtained  from  three  helicopter  data  bases  arc  presented  in  the  form  of  case 
studies.  Tor  each  of  the  three  helicopters  (All*64,  BO  105,  SA*3.^0)  a  brief  characlcri/aiion  of  the  aircraft  is 
first  given,  llien,  the  flight  test  data  and  results  from  data  quality  checks  arc  presented.  Both,  identification  and 
verification  results  generated  by  the  Working  Oroup  Members  arc  given  in  the  format  of  tables  and  represent¬ 
ative  time  liislory  and  frequency  rcspon.se  plots,  comparing  the  measured  flight  test  data  to  the  response  of  the 
identified  models  A  detailed  discussion  of  the  obtained  results  is  given. 


6.1  Case  Study  I:  AH-64'^) 
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6.1.1  Iniroduclloii 


Plight  test  data  from  the  U  S.  Army/McDonnell  Douglas  AH-64  Apache  attack  helicopter  was  provided  to  the 
Plight  Mechanics  Panel  Working  Group  18  from  an  existing  data  base.  Several  of  the  members  applied  various 
system  identification  techniques  to  identify  stability  and  control  derivatives  from  the  data.  Phis  ca.se  study 
presents  results  of  the  All-64  identification  efforts. 

6.1.2  Heiicopler  and  Instrumentation 


Phe  AH.64  Apache,  shown  in  figure  6.1  1,  is  an  attack  helicopter  specifically  designed  for  the  U.S.  Army  for 
day,  night,  and  adverse  weather  operation.  It  is  a  two-place,  tandem  seat,  twLn-engine  helicopter  with  four- 
bladed  main  and  tail  rotors,  n-ic  main  rotor  has  a  fully  articulated  retention  system  equipped  u  ith  elastomeric 
lead-lag  dampers  The  tail  rotor  is  a  semi-rigid  teetering  design.  The  helicopter  is  powered  by  two  honrontal- 
ly-mounled  turbo-shaft  T700-GP,-701  engines  manufactured  by  General  Pleclric.  The  physical  characteristics 
of  the  AII-64  primary  components  are  prerented  in  Table  6.1.1.  A  three-view  drawing  of  AH-64  is  shown  in 
figure  6.1.2. 

The  flight  controls  consist  of  mechanical  and  electrical  links  from  the  pilot  and  co  pilot  stations  to  the  collec¬ 
tive,  longitudinal  cyclic,  lateral  cychc,  and  tad  rotor  actuators.  Each  actuator  hydraulic.'dJy  sums  the  pilol/co- 
pilot  mechanical  inputs  with  those  from  the  electrical  link  via  electrohydraulic  servo  valves.  In  the  lalerai, 
longitudinal  and  directional  axes,  the  electrical  links  provide  authority  limited  Stability  and  Command  Aug¬ 
mentation  System  (SCAS)  functions  for  a  variety  of  manually  and/or  automatically  selectable  modes  In  the 
event  of  a  mechanical  link  failure  such  as  a  jam  or  severance,  the  electrical  link  control  path  provides  a  full 
authority  Back-Up  Control  System  (BUCS)  in  all  four  control  axes.  'ITie  SCAS  and  BUCS  control  modes 
along  with  their  associated  monitoring  and  control  logic  are  implemented  in  the  Digital  Automatic  Stabilization 
Equipment  (DASE)  subsystem. 


The  flight  control  system  also  includes  an  electrically  controlled  horizontal  stabilator  which  is  used  to  adjust 
trim  pitch  attitude  with  airspeed.  The  stabilator  actuators  are  driven  by  the  Stabilator  Control  Units  (SCUs). 
The  Stabilator  Control  Units  automatically  position  the  stabilator  as  a  function  of  airspeed,  pitch  rale,  and 
collective  pitch  position.  The  Stabilator  Control  Units  can  be  manually  overridden  by  the  pilot  at  airspeeds 
below  80  knots  to  increase  visibility  at  the  lower  speeds. 

Flight  test  measurements  for  the  Al(-64  were  reconJed  on  board  the  aircraft  and  telemetered  to  the  ground 
station  for  backup  recording/filtering  and  on-line  monitoring.  Table  6.1.2  lists  the  control  variable  measure¬ 
ments  and  table  6. 1  3  the  output  variable  measurements  provided  for  the  AH-64  records  The  fdter  cutoff 
frequencies  (-3dB  bandwidth  frequencies)  were 

•  50  Hz  for  the  measurements  of  the  control  deflections,  the  pilot  seat  acce'erometers,  and  the  Euler  rates, 

•  6  Hz  for  all  other  measurements. 

longitudinal  and  lateral  velocity  components  (from  Doppler)  as  well  as  the  normal  velocity  component  (from 
Heading  Attitude  Reference  System  HARS)  were  only  available  for  the  frequency  sweeps  and  not  the  doublets 
and  pulses.  However,  airspeed  V,  angle  of  attack  o.  and  angle  of  sideslip  0  from  the  boom  were  given  to  allow 
reconstruction  of  u,  v,  and  w.  Ihe  boom  is  mounted  out  in  front  of  the  aircraft  to  avoid  main  rotor  wake 
interactions. 

A  strap-down  sensor  package  near  the  centre  of  gravity  provides  bedy  angular  rates,  angular  accelerations,  and' 
linear  accelerations.  Body  angular  accelerations  (rfp/rif,  dq/dt,  Jr/dt)  are  measured  independently  from  Ihe 
angular  rales  (p,  q.  r).  Euler  angles  (<|),  0,  V  )  and  Euler  rates  {d<p/dt,  dQ/dt,  d'Vjdt)  are  provided  by  the 
HARS.  Euler  rates  are  signals  computed  within  HARS  based  on  the  Euler  angles. 

Control  positions  were  taken  at  Ihe  actuators  and  not  at  Ihe  pilot's  controls  thus  eliminating  uncertainty  in 
control  linkage  and  actuator  dynamics. 


'’)  Prindpsl  Aulhorr  D.  Btiierjvt,  J  W.  Hiniina,  MDHC;  D.P.  Schrtge,  C.K.  OuJnti,  Oeorgi*  Inniiuie  of  Technolog;- 
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6.1.3  Flight  Testing  nnd  Data  Evaluation 

The  AII-M  airciafl  was  flown  in  1984  in  a  series  of  tests  for  the  purpose  of  transfer  function  evaluation.  These 
tests  were  designed  to  obtain  aircraft  responses  to 

•  doublet  inputs, 

•  pulse  inputs,  and 

•  frequency  sweep  type  inputs 

to  each  control  (longitudinal,  lateral,  directional,  and  collective)  from  level  flight  at  130  knots.  Table  6.1  4  lists 
the  All-64  manoeuvres  provided  to  the  Working  C/roup.  Tiles  1  tlirough  11  contain  doublet  and  pulse  runs 
suitable  for  time  domain  identification  Manoeuvres  were  performed  open-loop,  t  wo  half-inch  doublets  start¬ 
ing  in  opposite  directions  arc  included  for  each  control  axis.  Pulses  for  both  forward  and  aft  longitudinal  con¬ 
trol  and  right  lateral  control  are  also  included. 

Control  inputs  for  the  130  knot  frequency  sweep  manoeuvres  in  files  12  through  21  were  produced  by  a  spe¬ 
cially  designed  Gold  Oscillator  Box  ((JOB).  It  commands  sinusoidal  frequency  sweeps  in  two  ranges  frorn 
0.1  I  la  to  3  I  Iz  and  from  0.3  11/.  to  13  1 1/ in  one  minute  sweeps.  A  typical  two  minute  run  consists  of  a  sweep 
up  to  the  high  frequency  and  then  back  down  to  the  starting  frequency.  A  modified  Stability  Augmentation 
System  (SAS)  was  used  to  maintain  a  stable  reference  during  input  sweeps:  Ihe  primary  axes  remain  open-loop 
and  are  stabilized  by  pilot  inputs. 

System  identification  results  arc  highly  dependent  on  the  quality  of  flight  test  data  used.  Prior  to  any  identifi¬ 
cation,  a  thorough  analysis  of  recorded  measurements  must  be  performed.  WO  members  have  spent  consid¬ 
erable  time  evaluating  the  quality  of  the  AIT64  data  base.  Although  several  undesirable  characteristics  exist, 
data  consistency  has  been  established  and  the  data  has  been  deemed  acceptable  for  time  domain  iderlification 
The  shortcomings  associated  with  the  manoeuvres  used  for  time  domain  identification  (files  I  to  1 1  from 
Tabic  6. 1.4)  include 

1.  Short  record  length  (12  seconds); 

Parameters  associated  with  long  period  aiicrafl  modes  such  as  the  phugoid,  which  has  a  period  of  about 
20  seconds  for  the  AH-64,  cannot  be  adequately  identified  from  short  duration  records. 

7.  large-amplitude  response: 

l.incar  models  of  fotorcraft  are  appropriate  for  predicting  smail-amplitude  response  only.  I’he  change  in 
body  attitudes  were  as  large  as  20'  (o  30°  for  both  longitudinal  and  lateral  doublets. 

3.  Noisy  acceleration  measurements: 

Accelerations  had  low  signal-to-noise  ratios  due  to  4/rev  vibrations  (Tigaire  6.1.5  through  F'igure  6  1.8), 

4.  Qu.-tntizafion  errors  in  Euler  angles: 

Quantization  errors  were  introduced  due  to  the  large  ranges  used  when  recording  liulci  angle  measure¬ 
ments. 

5.  Gust  effects; 

Wind  conditions  at  the  lime  of  the  test,  although  .small,  are  unknown- 

The  frequency  sweep  data  contained  some  of  the  same  problems  listed  above  but  was  not  acceptable  for  fre¬ 
quency  domain  identification  for  the  following  reasons: 

5.  Limited  SCAS  activity: 

Sweeps  were  flown  open-loop  in  the  primary  axis  and  closed-loop  in  the  off  axes  resulting  in  a  high  level 
of  correlation  among  the  control  inputs,  wliich  precludes  identification  of  off-axis  responses. 

2  Inadequate  low  frequency  infonnation: 

Sweeps  were  conducted  using  computer-generated  signals  that  began  at  a  frequency  of  0.63  rad/s,  which 
precludes  Ihe  identification  of  the  low  frequency  (speed)  derivatives 

In  general,  the  angular  measurements  (JJ,  6,  V,  dep/rff,  d9/dt,  df/cd,  p,  q,  and  r  are  consistent  for  all  of  the 
An-64  data.  Because  of  the  large  range  used  on  the  attitudes  during  the  recording  process,  the  Euler  angles  have 
smeli  quantization  errors.  This  problem  has  been  overcome  without  too  much  difficulty  either  by  data  recon¬ 
struction  techniques  or  simply  replacing  the  Euler  angles  with  integrated  Euler  rates. 

Trans' ttional  states  are  I  Jierently  difficult  to  measure,  especially  on  a  helicopter  where  high  vibration  levels 
lead  to  noise  in  the  deceleration  measurements  and  the  main  rotor  wake  interacts  with  air  data  systems.  In  the 
AH-64  data  base,  velocities  u,  v,  and  w  were  not  directly  available  for  the  doublet  and  pulse  manoeuvres  but 
were  calculated  from  V,  a,  and  /}  from  the  boom  system.  Since  the  boom  projects  out  in  front  of  the  aircraft, 
the  calculated  velocities  did  not  contain  wake  interactio;)  problems.  Tne  acceleration  mea.suremenls  had  low 
signal-to-noise  ratios,  especially  in  the  and  aiy  measurements.  This  problem  of  small  magnitude  longitudinal 
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and  lateral  accelerations  is  not  onique  to  the  AH-64  data  base.  Helicopters  gcneially  have  no  rnear's  of  prod¬ 
ucing  large  forces  along  the  body  longitudinal  and  lateral  axes.  Two  noted  inconsistenc:ics  in  the  longitudinal 
acceleration  include  the  WTong  sense  and  a  bias  of  about  2  Im/s*  The  sign  on  a^,  was  corrected  on  the  entire 
database  and  biases  were  identified  by  the  members  separately. 

The  Working  Group  concentrated  on  files  I  ilirough  8  for  time  domain  identification.  Ibcse  files  were  sepa¬ 
rated  into  two  groups,  one  of  which  was  used  for  identification  and  one  for  verification  Group  I  contained  files 
1,  3,  5,  7  and  group  2  contained  files  2,  4,  6.  8.  'Hie  main  difference  bctwccri  these  two  groups  is  a  sign  con¬ 
version  in  the  control  inputs.  Gontrol  time  histories  for  group  I  are  shown  in  Figure  6.1.3. 

ITiis  section  dcsciibes  the  methods  WO  members  used  for  consistency  checks  and  data  reconstruction  of  the 
All-64  data.  Results  arc  prc-sentcd  as  tables  of  biases  and  scale  factors  and  as  time  histories  of  reconstructed 
states 

6. 1.3. 1  McDonnell  iTouglas  Helicopter  Company  (MDHC) 

MDIIC  used  sevcial  methods  to  assess  the  quality  of  the  All-64  data  including; 

1.  Simple  comparisons  between  redundant  sensors. 

Tlic  limited  data  set  available  to  the  Working  Group  eliminates  the  availability  of  most  redundant  sensor 
checks  except  accelerations.  However,  multiple  acceleration  ineasuremcnts  were  available.  Accelerations 
from  the  centre  of  gravity  (CG)  and  the  pilot  scat  (which  were  transferred  to  the  CG)  were  compaied  and 
found  to  be  consistent  for  several  manoeuvres.  The  only  differences  were  small  biases  in  the  and 
signals.  Since  it  could  not  be  determined  (at  this  stoge  in  the  consistency  checks)  which  signal  contained 
the  bias,  no  action  was  taken. 

2-  Comparisons  between  kinematically  redundant  sensors 

Several  comparisons  between  kinematically  redundant  sensors  were  carried  out: 

•  The  body  angular  accelerations  {dp/Clt,  dq/dt,  dr/dl)  were  integrated  and  compared  to  body  angular 
rates  (p,  q,  r).  Scale  factors  and  biases  were  identified  using  least  Squares  (figure  6.1.4).  To  elimi¬ 
nate  quantization  errors,  Euler  angles  (0,  (J),  T")  were  reconstructed  from  Euler  rates  dS/dt, 
OCi)/of,  dH^/df)  calculated  wiihin  ihe  HARS.  Scale  factors  and  biases  were  identified  to  match  inte¬ 
grated  Euler  rates  with  measured  Euler  angles. 

•  The  compatibility  between  befy  rates  obtained  from  separate  tale  gyros  and  the  rates  and  attitudes 
provided  by  MARS  was  checked  using  kinematic  relations. 

3.  A  Kalman  Filler/Smoother  stale  estimation  method. 

The  tinal  phase  in  data  consistency  checks  was  the  use  of  an  Extended  Kahnan  Filter/Smoother  (Bryson 
and  Ho,  1975,  [6.1.1]).  The  Extended  Kalman  Filter/Smoother  algorithm,  as  presented  by  DuVal  et  al. 
(1989,  [6.1.2]),  is  derived  by  posing  an  optimization  problem  to  find  the  time  histories  of  the  vehicle 
states,  that  arc  consistent  with  both  a  prescribed  dynamic  model  and  available  measurements 

ITiis  approach  was  applied  to  the  AH-64  time-domain  database.  I  he  data  was  initially  sampled  al 
25  llz.  Measurements  used  m  the  reconstruction  mclude:  (h,  0,  p,  q,  r,  u,  v,  w,  8„,  a^,  and  Sj,  where 
the  body  axis  velocity  components  (u,  v,  w)  were  derived  liom  the  angle  of  attack  o,  an^c  of  sideslip  /?, 
and  airspeed  V  measurements.  Further  processing  included  a  zero  phase  shift,  lowpass  filter  with  a  cutoff 
frequency  of  3  Hz  after  the  Kalman  filter. 

Results  from  the  Kalman  filler  state  estimation  for  the  doublet  manoeuvres  indicated  the  following 

•  The  angular  measorements  ri),  ©,  tF,  p,  q,  and  r  are  generally  very  good 

•  The  pilch  rale  signal  has  a  bias  of  about  O.OIrad/s. 

•  I'hc  longitudinal  acceleration  signal  has  a  bias  of  roughly  2.1  m/s^.  Part  of  this  bias  was  apparently  caused 
by  the  accelerometers  being  calibrated  with  the  helicopter  on  the  ground  at  a  5'  nose-up  attitude. 


6.I.3.Z  National  Aeronautical  EslabHahmenl  (NAF) 

Consistency  checks  were  performed  on  all  8  doublet  input  files.  The  data  was  initially  lowpass  filtered  with  a 
Butterwortli  fourth-order  zero  phase  shift  filter  with  a  cutoC  frequency  of  4  Hz.  Spectral  analysis  had  revealed 
considerable  excitation  al  19  Hz  (blade  passage  frequency).  After  lowpass  filtering.  Ihe  data  was  sampled  at 
20  Hz,  excluding  the  first  and  last  50  points. 
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Biascj  in  the  data  were  estimated  with  a  Ixast  Squares  method.  The  measurements  used  were:  dtp/dt,  dQ/d(, 
d'P/d/,  o,  V,  w,  By,  By,  Bj,  p,  q,  r,  O,  0,  and  'P  .  The  Ijeast  Squares  procedure  is  outlined  below: 

1.  Integrate  Euler  rates  with  measured  liuler  angle  initial  conditions  and  use  least  Squares  to  determine  the 
6  biases  for  the  measured  attitudes  and  rates. 

2.  The  corrected  Euler  angles  and  rates  are  used  in  the  angular  kinematic  equations  to  determine  biases  in 
the  body  angular  rates. 

3.  The  corrected  body  angular  rates  and  attitudes  enter  the  translational  kinematic  equations  for  determi¬ 
nation  of  biases  in  the  velocities  and  translational  accelerations. 

The  obtained  results  are  included  in  Table  6.1.6. 

6.|.i.3  Deutsche  Forschungsanslall  fUr  Luft-  und  Raumfsihrl  (DLR) 

Rate  and  linear  acceleration  were  filtered  using  a  zero  phase  shift  digital  filter  with  a  cutoff  frequency  of 
12  5  Hz.  to  eliminate  higher  frequency  noise.  Air  data  (boom)  and  linear  acceleration  measurements  were  cor¬ 
rected  with  respect  to  the  ('G  location.  Then,  DLR  completed  consistency  checks  on  each  of  the  doublet  input 
manoeuvres,  and  also  on  the  concatenation  of  all  the  manoeuvres.  In  the  nonlinear  kinematic  cq-ations,  the 
attitude  angles  and  si>ec<l  components  arc  treated  as  states  whereas  the  linear  accelerations  and  rates  arc  con¬ 
sidered  as  control  inputs  (driving  functions).  A  nonlinear  Maximum  Likelihood  program  was  used  to  estimate 
scale  factors  for  u.  v,  w,  ip,  0,  tV  and  biases  for  a^,  a^.  a^,  p,  Q,  and  r.  'ITic  obtained  results  are  summarized 
in  Table  6. 1  5  and  Table  6.1  6. 

6.I.3.4  Nationaal  Lucht-  en  Rulmtevaartlaboraturium  (NLR) 

Data  preprocessing  consisted  of  sampling  the  data  at  20  Hz  with  no  filtering. 

NLR  initially  tried  to  perform  compatibility  checks  using  a  linear  output  error  program  However,  the  bias 
estimates  from  the  linear  program  varied  considerably  between  manoeuvre  files.  NLR  believes  the  poor  results 
were  due  to  the  large  pilch  and  roll  excursions,  which  carmot  be  adequately  represented  by  the  linear  kinematics 
formulation. 

NLR  thcrefoiv  adopted  an  output  error  program  which  uses  the  noulincar  kiriCatatic  cqualtOiis  to  csiunatc 
measurement  biases.  This  technique  was  applied  separately  to  each  manoeuvn'  file  to  estimate  the  biases  in  the 
acceleration  measurements  and  in  the  body  angular  rate  measurements.  The  1  ias  estimates  obtained  fro.n  'he 
nonlinear  output  error  program  proved  to  be  relatively  constant. 

’Die  agreement  between  measured  and  reconstructed  records  was  found  to  be  generally  satisfactory.  Ihe  bias 
estimate  for  a„  is  consistently  large  and  indicates  the  lon^tudinal  accelerometer  calibration  error,  NLR  also 
notes  that  the  a,  time  history  is  very  noisy,  making  it  difficult  to  judge  whether  the  signal  is  valid.  1  he  identified 
biases  are  given  in  Table  6.1.6. 

6.1.3  5  U.S.  Army  Aerodightilynaenlcs  Directorate  (AFDD) 

The  AEDD  performed  consistency  checks  on  all  the  files.  The  data  was  milially  lowpass  filtered  with  s  four- 
pole,  zero  phase  shift  digital  filter  supplying  a  6  dB  attenuation  at  3  Hz.  Analysis  was  performed  at  the  full 
sample  rate  of  100  Hz  for  the  first  11  files,  while  files  12  through  21  were  decimated  to  20  Hz  for  analysis. 

The  AFOD  used  the  state  estimation  program  SMACK  (Dach,  1988,  [6.1.3])  to  estimate  biases  and  scale 
factors.  Measurements  used  in  the  estimation  were  <p,  0.  T'.  p,  q,  r,  V,  a,  /},  a^,  a,,  and  8^.  Euler  angles  and 
body  angular  rales  were  used  as  measurements  in  an  initial  check  of  angular  consistency  and  were  also  esti¬ 
mated  in  this  check.  Errota  on  Euler  angles  were  not  estimated  because  of  the  high  reliability  of  the  IIARS 
system  from  which  Euler  angle  and  rate  measurements  were  obtained. 

All  the  measurements  were  used  iu  a  final  6  DoF  check.  Biases  and  scale  factors  estimated  m  the  angu'ar  check 
we.re  used  along  with  their  program-estimated  covariances  m  start-up  values  in  the  6  DoF  chect  f  ieasurc- 
ments  were  also  estimated  as  were  angular  accelerations  in  this  final  check.  Biases  were  assuracj  tu  be  on 
and  By  rather  than  (p  at:d  6  because  of  high  confidence  in  HARS  data. 

Scale  factors  were  not  estimated,  except  for  files  12  and  13  where  a  sign  error  in  the  pitch  rate  measurement 
was  deduced  from  visual  inspection  of  the  data  and  corrected.  Table  6.1.6  lists  the  bias  estimates  obtained  from 
the  files  tvith  doublet  and  pulse  for  comparison  to  other  WG  results. 
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Af'DD  also  evaluated  the  data  consistency  for  the  frequency  sweep  data  cxct.M  for  file  14  because  its 
®xcg'^hannel  was  previously  shown,  througli  frequency  response  idcntdlcation  techniques,  to  be  dynaniically 
incorrect.  Results  arc  given  in  Table  6.1.7. 


6. 1.3.6  Results 

Table  6.1.5  and  Table  6.1.6  summarise  the  data  consistency  results  for  the  Atl*64  flight  test  data.  AI'OD. 
DwR,  NAU,  and  NLR  evaluated  each  of  the  doublet  files  separately,  estimating  biases  and  .scale  factors  !  rom 
the  results  of  the  considered  files,  the  mean  values  and  the  standard  deviations  were  determined-  Ilicy  arc 
presented  in  the  tables.  It  has  to  be  noted  that  the  stand.vd  deviation  is  calculated  using  the  mean  values;  it  is 
not  based  on  the  Cramer*Rao  lower  bound  given  by  the  estimation  programs.  I  hc  identified  biases  and  scale 
lactors  can  be  used  to  correct  the  measurements  by 

Vc- (I'm +*')/'' 

where 

y^,  “  measurement, 
b  -a  bias, 

A  »  scale  factor 

Scale  factors  are  only  given  in  the  Dl.R  results.  I  hey  are  close  to  one  with  relatively  small  sianilarcl  dcvi.'itions 
and  indicate  that  the  measurements  have  no  significant  scale  factor  errors  All  four  W(j  Members  provided  bias 
estimates  for  the  linear  accelerations  and  rates.  In  addition,  NAK  identified  biases  for  the  speed  components, 
attitude  angles  and  heading.  All  results  are  in  good  agreement  and  show  that  most  biases  are  very  small  I  he 
standard  deviations  are  roughly  of  the  same  magnitude  as  the  bias  values  and  indicate  that  the  measurements 
are  reliable  and  need  not  be  conecicd.  However.  larger  values  are  seen  for  the  pilch  rate  mtasuremenl 
(0.01  rad/s)  -md  the  longitudinal  acceleration  (about  2  m/s'').  A  part  of  the  bias  of  the  longiludiiial  acceleration 
was  apparently  caused  by  the  accelerometers  being  calibrated  with  the  helicopter  on  the  ground  at  a  5°  nose-up 
altitude  As  for  both  measurements  the  standard  deviation  is  only  about  lOVe  of  the  bias  value,  these  results 
are  consistent  and  justify  correction  of  the  measured  data. 

AFDD  statistics  for  the  frequeny-svveep  data  are  given  in  Table  6.1.7.  In  comparison  'o  the  results  obtained 
from  the  doublet-input  files,  significantly  larger  values  were  determined  for  the  biases  of  the  linear  accetcralion.'., 
i'he  change  m  magnitude  and  sign  for  the  individual  files  also  shows  that  no  con.'istent  result  could  be 
obtained. 

WO  Members  also  provided  time  histoiy  compiuisons  of  the  estimated  and  nitasurrd  data  As  representative 
example,  results  obtained  from  the  MDIIC  Kalman  state  estimation  ere  presented  in  figure  6.1.5  through 
figure  6  1.8.  They  show  the  lime  histories  for  speed  components,  linear  accelerations,  rates,  and  attitudes  for 
the  files  I.  3,  5,  and  7.  The  reconstructed  data  is  given  without  corrections  for  scale  factors  and  biases.  I'he 
general  good  agreement  confirms  the  data  quality.  The  previously  mentioned  two  larger  biases  for  the  pitch  rate 
and,  in  particular,  for  the  longiludinai  acceleration  are  clearly  seen.  Some  larger  deviations  are  only  .seen  in  the 
speed  measurements.  This  indicates  that  air  data  measurement  results  still  are  significantly  less  accurate  than 
data  obtained  from  gyros  and  linear  accelerometers. 

6. 1. 3.7  .Summary 

flight  test  data  evaluation  is  essentially  a  parameter  identification  problet,-.  The  objective  is  to  establish  the 
compatibility  of  measured  flight  test  data  with  knorvn  tdiiemalic  relations.  The  procedure  is  to  assume  a  model 
for  the  measurement  error  and  identify  the  error  model  parameters  using  state  estimation  techniques.  A  com¬ 
mon  error  model  used  by  most  of  the  WO  members  is  a  simple  scale  factor  and  bias  combination  where  even 
scale  factor  effects  are  often  neglected.  The  differences  in  data  evaluation  approaches  between  the  WCr  members 
lie  in  the  choice  of  parameter  estimation  techniques.  The  methods  used  here  include: 

1.  least  Squares, 

2.  ncn-lincar  output  error, 

3.  non-linear  Maximum  l.ikclihood,  and 

4.  extended  Kalman  filter. 

Despite  the  range  of  identification  methods  applied  to  the  AH-64  database,  the  data  evaluations  for  fries  1 
through  1 1  showed  consistent  results.  Tfie  identified  mean  values  were  close  to  one  for  the  scale  factors  luid 
small  for  most  biases.  It  indicates  that  the  measurements  arc  accurate  and  require  no  corrections.  However, 
significant  biases  were  seen  in  the  pitch  rale  and  particularly  in  (he  longitudinal  acceleration.  As  their  standard 
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deviations  arc  small,  these  biases  are  retliable  and  can  be  used  for  correcting  the  measured  data.  'ITn.*  statistics 
indicate  that  all  error  parameters  identified  for  tlic  sweep  manoeuvres,  with  the  exception  of  the  bias  on  the  roll 
rale  Tor  files  20  and  21,  arc  significant 

In  conclusion  it  can  be  staled  that  the  data  quality  of  the  doublct-ir-put  and  puUc-input  files  was  acceptable 
for  identification  purposes.  (Other  limitations,  c.g.  short  record  length,  latgc  amplitudes,  etc  ,  were  already 
addressed).  I'or  the  frequency-sweep  manoeuvres,  however,  significant  measurement  deficiencies  were  seen. 
As  they  were  not  consistent,  a  physically  meaningful  correction  is  problematic 

6.1.4  Mcnttncallon  Methods 

6.1. 4. 1  Model  Structure 

The  model  which  has  been  used  by  WCJ  members  investigating  the  AH-64  is  a  coupled  six  dcgrcc-of-frccdom 
rigid  body  model  with  equivalent  time  delays  for  the  control  variables.  All  Working  Group  members  used  a 
linear  model  except  for  the  nonJincai*  gravity  and  kinematic  terms.  These  were  either  taken  from  the  flight  data 
or  calculated  fnim  the  simulated  response  data.  Ihc  stability  and  control  derivatives,  aerodynamic  biases  and 
ineasurcmcnt  biases  arc  estimated. 

Tstimating  the  aerodynamic  biases  would  not  be  necessary  if  the  aircraft  initiated  each  manoeuvre  Irom  an 
unacccicialcd  flight  condition  and  the  trim  conditions  of  the  aircTafl  were  exactly  known.  In  this  case,  the 
acrodynatiiic  biases  would  he  simply  the  steady  state  gravity  force  components  (e  g.  *»  —  g  sin  Oq,  etc.).  In 
practice,  however,  the  aircraft  is  not  in  steady  flight  a:  the  beginning  of  the  manoeuvre  and  the  trim  conditions 
are  not  exactly  known.  Ihcrefore,  the  estimation  of  the  aerodynamic  hia.scs  is  important  in  obtaining  good 
results.  In  fact,  MDMC  attempted  to  identify  a  model  in  which  the  aerodynamic  biases  were  not  estimated  but 
were  calculated  from  the  steady  stale  gravity  components.  However,  the  results  from  this  identification  were 
not  considercu  reasonable. 

Additionally,  a  bias  term  can  be  added  to  ‘he  measurement  equation  and, 'or  a  bias  idenlificd  for  each  meas¬ 
urement.  Although  estimation  of  both  aerodynamic  and  measurement  biases  is  a  sland;ird  practice,  care  must 
be  taken  to  ensu  •:  that  the  aerodynamic  and  measurement  biases  are  independent  or  idcntifiabillty  problems 
Vsill  result, 

11100:  arc  three  difTcrent  approaches  to  handle  the  nonlinear  grainly  and  centrifugal  force  terms  along  with  the 
Uulcr  angle  kinematics: 

1  linearising  yields  a  complete  eight  state  linear  model.  This  approach  is  based  on  small-pertuibalion 
assumptions.  It  is  actepiabic  with  small-amplitude  manoeuvres,  in  particular  with  respect  to  the  pitch  and 
roll  angle  (they  should  not  esceed  about  25”).  A  fully  linearised  model  was  used  by  MDMC. 

2.  Ibe  noi  Jinear  terms  are  calculated  using  the  measured  data  and  then  treated  as  known  quasi  control  input 
(driving  function)  This  approach  was  taken  by  NAE. 

3.  llie  nonlinear  tenns  are  calculated  using  the  model  states.  The  only  control  variables  are  the  actual  pilot 
controls.  This  model  fonnulation  was  chosen  by  DLR. 

With  the  first  two  methods,  the  idcntUication  can  be  conducted  with  a  linear  model  formulation  whereas  in  the 
third  approach  a  nonlinear  model  has  to  be  identified. 

While  both  MDHC  and  NAE  identified  all  derivatives  in  the  stability  and  control  matrices  Nl.R  and  DLR 
used  reduced  parameter  sets  in  which  many  of  the  derivatives  were  not  e  itimalcd.  lire  reduced  parameter  sets 
can  be  detertnined  by  several  methods.  DLR  determined  insignificant  model  parameters  based  on  the  param¬ 
eter  covariance  estimates  provided  by  their  nonlinear  Maximum  Likelihood  program.  NLR  employed  a  step¬ 
wise  linear  regression  to  detetnuiie  insignificant  parameters. 

6.1. 4.2  Parameter  Estimation  Algorithm 

Several  different  parameter  estimation  procedures  were  applied  to  the  AlI-64  data.  Most  of  the  members  used 
time  domain  techniques  tanging  from  the  relatively  simple  linear  regression  to  the  more  sophisticated  Ma.xi- 
mum  Likelihood  (ML).  The  AFDD  used  a  frequency  domain  approach.  Because  of  problems  with  the  fre¬ 
quency  swreep  data,  AFDD  was  only  able  to  eslim«tc  a  few  control  derivatives  and  time  delays.  This  section 
desciibes  the  estimation  techniques  applied  to  the  AH-64  data  by  different  W<i  memben. 
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6.1.4.2.1  ,\fnnc 

MPIIC  used  a  time  dumain  output  error  method  to  estimate  a  model  from  files  I.  3,  5,  7.  The  output  error 
program  iteratively  ad,  ists  the  model  parameter  values  to  tninimi/.c  the  sum  of  squared  weighted  errors 
between  measured  and  simulated  responses.  Mirrimbation  is  based  on  a  finite  difference  Ixvenbcrg-VSarquaidt 
algorithm  (ZXSSQ  from  the  IMSI-.  [61.4])  which  solves  a  nonlinear  Least  Squares  problem.  Ibis  routine 
behaves  as  a  first  order  incthod  far  from  the  minimum  and  a  second  order  method  near  the  minimum,  and  so 
generally  has  good  convergence  properties.  'Ibc  output  error  program  can  accommodate  multiple  manoeuvre 
time  hi.siories  during  a  single  run.  Usually  four  manoeuvres  (one  for  each  control  axis)  arc  used  simultaneously 
o  that  all  derivatives  tan  be  cstiinaicd  during  a  single  mn.  In  addition  to  estimating  the  aerodynamic  deriva¬ 
tives,  MDIIC  estimated  the  initial  state  derivatives  (aerc dynamic  biases) 

fhc  outputs  from  the  simulation  which  were  tompaied  with  the  measurements  to  form  the  error  cosl  junction 
were  u,  V,  w,  a^,  a^,  a^,  p,  q,  and  r. 

Ilctausc  MDIIf'  was  unable  to  identify  consistent  control  time  delays  from  files  I  through  1 1,  no  lime  delays 
were  u.scd  (luring  the  identification.  However,  the  discrete-time  simulation  in  the  output  error  program  intro¬ 
duces  a  delay  in  the  simulated  outputs  of  one-half  the  sample  interval  or  0  020  s. 

6. 1.4. 2.2  NAE 

NAIi  s  model  was  estimated  u.sing  the  concatenated  data  files  I,  .3,  .6.  7,  and  verified  using  files  2,  4.  6,  S 
Starting  with  the  rccunsirucicd  data,  NAP,  first  applied  stepwise  regression  to  find  values  for  the  parameters  in 
the  aerodynamic  model,  as  well  as  estimates  of  the  parameter  variances.  Ibc  regression  values  of  the  parameters 
were  then  used  as  starting  values  for  the  Maximum  Likclilrood  algorithm  MMI,F,-3  (Maine  el  al.,  1980, 
[6  15];  1981 ,  [6. 1.6]).  The  lull  set  of  paramcicis  was  identified  with  a  lime  delay  of  0  100  s  applied  to  all  the 
controls. 

The  mcasurcincnis  compared  with  the  ML  output  were;  o,  v.  v.  p,  q,  r,  a^,  By,  and  In  addition  to  the 
aerodynamic  derivatives,  aerodynamic  biases  were  estimated  for  each  state  equation  of  each  manoeuvre  file. 
Mea.surcmcnl  biases  were  also  estimated  for  each  measurement  equation  of  each  manoeuvre  file. 

6.I.4.2.J  DIR 

Three  models  were  identified  by  DLR:  one  from  files  I,  3,  5,  and  7  (DLR-l),  one  from  files  2,  4,  6,  and  8 
(DLR-2),  and  one  from  all  eight  files  (DLR  .1).  A  nonlinear  Maximum  Likelihood  program  was  used  to  esti¬ 
mate  derivative  values.  The  nteasurement  vector  included;  a^,  p,  q,  r,  ip,  0,  w,  v,  w,  dp/dt,  dq/dt,  and 

drjdi.  Ibc  parameter  covariance  matrix  provided  by  the  ML  program  was  used  to  eli/niiiate  insignificant  model 
paiametcrs,  giving  ihe  reduced  model  order.  ITuring  the  identification  procedure,  the  nonlinear  kinematic  and 
gravity  tenns  were  calculated  from  the  mode!  response  data. 

D1  R  usually  estimates  equivalent  control  lime  delays  using  the  cross-correlation  between  input  and  response 
signals.  Tor  the  All  64  data,  time  delays  were  not  calculated  b-jt  were  assumed  to  be  0  10O  s  on  all  controls 
which  arc  the  average  value  as  identified  in  the  frequency  domain  by  ATUD. 

6.I.4.2.4  NLR 

Ni..R  identified  two  mrrdcls  from  two  separate  groups  of  data.  Faeh  group  of  data  consisted  of  four  doublet 
manoeuvres  representing  inputs  in  each  control  axis.  The  first  group  included  files  1,  3,  5,  and  8  (NLR-l)  and 
the  second  group  files  2,  4,  6.  and  7  (NI.R-2)  The  following  helicopter  response  measurements  were  used 
during  the  identification:  tp,  0,  T,  p,  q,  r,  V,  c,  fi,  a^.  By,  Bj.  No  filtering  was  perl'onned  on  the  flight  data  when 
the  data  sampling  was  reduce  to  20  Hz. 

NLR  used  a  two  step  method.  As  a  first  step,  all  stale  variables  are  reconstructed  as  de.sciibed  in  6. 1.3.4  In  the 
second  step,  the  reconstructed  variables  and  Ihe  measured  control  variables  are  used  in  a  stepwise  linear 
regression  procedure  to  estimate  parameter  values. 

Time  delays  of  0  100  s  were  applied  to  Ihe  four  controls  during  the  identification  and  verification  process  to 
account  for  time  lags  in  the  actual  response.  Ibese  delays  were  assumed  as  representative  delays,  and  were  not 
actually  calculated  from  the  data 


lo:  ^ 

6.I.4.2.S  Afnn 

Flccjiusc  of  (he  luiiitations  of  the  AII-64  frequency-domain  database,  Al'DP  wa,s  only  able  to  Kientify  the  high  1 

frequency  control  derivatives  and  time  delays  for  the  longiludinaj  and  collective  controls  ‘Ibe  loiigitudinHj 

cyclic  parameters  were  obtained  from  multi  variable  frequency  response  matching  of  the  3  Pol-  longitudinal 

dynamics:  q/dion.  ®z/d|on.  **'/d|on’  "><*  ‘'/‘’ion  •  •'•I'c  delay  associated  with  the  longitudinal  eyebe 

was  estimated  as  0.110  s. 

'Pie  collective  stick  parameters  were  obtained  from  singic-inputy  single-output  transfer  function  model  fitting 
of  the  collective  frequency  responses:  q/d^g,,  r/djo,,  and  .  Collective  stick  time  delay,  which  was  taken 

as  an  average  from  the  q,  r,  and  a,  responses,  was  0.089  s.  The  average  of  all  lime  delays  is  approximately 
0  100  s  which  is  the  value  used  by  NAP,  Pl.R,  and  Nl.R. 


6.1.5  Identiflcalion  Results 

The  identification  results  are  presented  ui  this  section  in  the  format  of 

1 .  identified  derivatives, 

2.  model  eigenvalues, 

-V  lime  history  plots  comparing  the  model  response  with  the  flight  data  used  to  gciiciate  the  model. 


6. 1.5. 1  Identified  Uerivatives 


Stability  and  control  derivative  estimates  and  the  variance  of  these  estimates  arc  listed  in  I  able  o.l  8.  Since  it 
is  not  practical  to  discuss  each  derivative,  a  brief  comparison  of  the  primary  derivatives  associated  with  heli¬ 
copter  dynamics  has  been  made. 


Piagonal  terms  (X^J,  V^,  L^,  M„,  and  N,)  in  the  6  Ool-  models  ehaiactcrismg  ine  damping  dcriv, stives  were 

consistently  identified  by  the  members.  Contrary  to  expectations,  drag  damping  (X^^)  is  well  identified  despite 
the  lack  of  significant  speed  data  due  to  the  short  record  length.  'ITie  effects  of  time  delays  used  in  the  iden- 
tifi.ealion  process  are  evident  in  the  pilch  and  roll  damping  terms  and  Identified  values  of  1^  and  arc 
reduced  Wiicn  time  delays  as.sveiated  with  dyimjiues  ajv  uiiiitwu  fiom  ihc  movie!  siiuciure.  rviPiivl  viiii 
not  include  Ihc  0  10  s  time  delay  used  by  the  other  members.  The  MPIKI  values  for  l.p  and  are  subse¬ 
quently  smaller  than  those  obtained  by  NA1-:  and  1)1  ,R  which  did  include  the  time  delay.  Pie  yaw  damping 
derivative,  N,,  is  the  least  identifiable  of  the  diagonal  terms.  'Values  from  the  DPR- 1  and  Dl  R-2  models  using 
different  records  for  identilic  ition  vary  from  -0  607  1/s  to  -0  246  1/s  unlike  the  other  diagonal  lenns  which 


are  consistent  between  Ihc  two  models  The  verification  time  histories  .show  good  corrcl.alion  for  yaw  response 
to  directional  inputs  for  all  of  the  identified  models.  However,  the  yaw  response  to  pitch  inputs  is  poor  on  all 
the  models  leading  to  the  possibibty  that  airntass  states  associated  with  interactional  aeiodynamiLS  are  needed 
to  uniquely  model  Ihc  yaw  equation. 


Dihedral  cficcl  (L^)  and  directional  stability  {N^)  shovv  good  agreement  between  the  various  model.s.  Coupling 
derivatives  and  Mp  are  not  easjy  identified  since  aircraft  coupling  is  not  strong,  less  significant  stability 
derivatives  vary  widely  as  might  be  expected. 

lime  delays  were  ideiitificvl  by  .APDI)  during  frcqucncy-rcspvrnsc  ideiitification  with  the  longitudinal  and  col¬ 
lective  sweep  data  Results  are  given  in  fable  6.1.12  and  discusscvl  in  more  detail  in  section  6. 1.7. 2.2. 

I'hc  identified  on-axis  control  derivatives  representing  control  power  such  as  W^iop,  l-,5ia,.  (see 

lablc  6.1  P)  and  Zjjppi  (see  lable  6  1.10)  show  reasonable  agreement. 


6. 1.5-2  Model  Eigenvalues 

The  AH-64  eigenvalues  were  calculated  fiom  each  of  the  identified  models,  l  or  comparison,  MDIIC  addi¬ 
tionally  has  provided  eigenvalue  estimates  for  the  pliugoid  and  dutch  roll  modes.  These  eslimales  were  arrived 
at  through  visual  inspection  of  flight  data  designed  to  excite  the  oscillatory  modes  (thc.se  fliglit  test  data  were 
provided  to  the  Working  Group): 

•  Ihe  time  history  of  an  AH-64  flying  DASE-oft  at  130  knots  exhibited  an  unstable  phugoid  rcspvvnsc  'I'hc 
period  of  oscillation  and  time  to  double  amplitude  have  been  estimated  re.sulting  in  the  phugoid  cigcii- 
vaiues. 

*  The  dutch  roll  mode  was  excited  by  a  directional  pulse  'I'hc  period  and  lime  to  half  amplitude  were 
estimated  and  used  to  compute  the  dutch  roll  eigenvalues. 
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In  l  abic  6  1.11  the  lime  coii.slants,  Jainping  ratios  and  undamped  natuial  Jicqucncics  derived  from  the  eigen 

valuc.r  obtained  from  both,  the  idcniilicd  rnodcl.s  and  the  visual  ins|>cclion  aw  given.  i 

The  phugnid  eigenvalues  of  the  idcnlificd  models  arc  not  consistent  and  Jo  not  agree  well  with  the  phugoid  • 

mode  estimated  from  flight  lest  data,  nie  .speed  derivatives  and  directly  aiTcct  the  phugoid  motion  and 

arc  shown  in  Table  6  1.8  and  Table  6  1 11  to  vary  greatly  between  the  models.  The  12s  record  lei  gtb  limits 

the  identification  of  ihe.sc  sjiccd  related  derivatives  and  thus  the  phugoid  mode  whicT,  has  a  period  of  rougidy 

20  s.  The  limited  data  also  afTccts  the  idcntifiahility  of  the  spiral  mode  which  is  a  slow,  liglitly  damped  mode. 

The  roll  convergence  mots  are  close  between  the  models  as  a  result  of  the  fairly  consistent  roll  damping 
denvatir  e  L  The  Duleh  roll  eigenvalues  for  most  of  the  identified  totulcls  agree  with  each  other  and  with  (he 
Mime  values  indicating  that  (his  motion  is  easily  identified  from  the  data  I  he  important  lateral  stability 
derivatives  associated  wilh  Uutcli  roll  V,,,  /V^,,  and  W,  arc  relatively  consistent  between  the  models 


6. 1 .5.1  (,'omparison  of  i  ime  Tllslories 

Time  history  plots  of  the  measured  data  and  the  calculated  icspon.se  of  the  idcnlificd  model  were  provided  by 
the  WCj  Members  Although  the  indivldu.-tl  results  showed  some  dificrcnccs  in  the  model  responses  arid  the 
agreement  with  the  fight  test  data,  the  identifications  were  in  generally  considered  acceptable  in  eharaetcriring 
the  helicopter  response  As  rcpiesentalivc  example,  the  time  histories  of  the  I>I,R  identific.ilion  from  the  first 
data  group  (files  1,  1,  .8,  and  7)  arc  given  in  I'igure  6.1.9  through  I'igurc  6  1.12.  The  model  was  only  driven 
with  the  measured  cmilrol  inputs.  I'hc  nonhnear  gravity  and  kinematic  force  terms  were  calculated  from  the 
model  response  (no  p.scudo  controls  wc.'c  used).  Biases  were  estimated  to  compensate  for  offsets  in  the  mcas 
urement  of  the  control  and  observer  variables. 

'I'hc  comparison  of  the  time  luslories  shows: 

1.  "I’hc  agreement  of  the  mea.sured  data  and  the  response  of  the  idcnlificd  model  is  satisfactory 

2.  The  longitudinal  motion  is  more  accurately  represented  than  the  lateral-directional  motion 

3.  I'or  the  force  equations,  the  fit  in  the  linear  accelerations  is  very  good.  ITic  differences  in  the  speed  com¬ 
ponents  show  similar  tendencies  as  the  resultr  from  the  data  consistency  checks  This  indicates  that  these 
differences  also  reflect  the  inaccuracicii  in  the  speed  measuiemeiiis 

4  I'hc  time  history  fits  of  the  rates  demonstrate  that  the  on-axis  response  of  the  niodcl  (  ri/dion.  P/d|ai, 
I'/iptitj)  follow  the  flight  test  data  closer  than  the  olT-axls  response 

6.1.6  Verification 

Model  vcnficatioii  is  pcdbnned  by  comparing  identified  model  response  to  flight  test  data  not  used  to  generate 
the  model,  l^or  Ihe  identification  (he  model  parameters  were  modified  to  obtain  the  best  curve  fit.  Now,  for  the 
verification,  the  model  parameters  are  fixed  to  the  identified  values.  The  model  is  driven  with  the  measured 
control  inputs  to  calculate  the  model  response.  Tor  comparison.  Ixilh,  Ihe  model  output  and  the  measured 
flight  test  data  arc  plotted.  I'hc  agreement  of  both  time  history  plots  is  a  measure  of  the  prediciing  capability 
of  the  identified  model. 

On  Ihe  whole,  all  the  models  identified  in  Ihe  Working  Group  do  a  good  job  of  prediciing  primary  axis 
response.  However,  larger  deviations  were  seen  in  the  coupled  off-axis  response.  Tigure  6  1.13  through 
Figure  6. 1 . 17  contain  verification  plots  of  the  files  2.  4,  6.  and  R.  The  model  response  was  calculatect  using  the 
previously  described  DLR  model  wnich  was  identified  from  the  files  1.  2,  3,  and  4.  (  I'hc  difference  between 
these  two  data  groups  is  the  control  input  sign  conversion).  All  model  perameters  (derivetives)  were  fixed  and 
only  bias  terms  were  estimated  to  compensate  for  offsets  in  the  control  and  obsen'er  rneasumniep.ts.  As  the 
model  response  is  now  compared  to  data  not  used  for  Ihe  identification,  some  larger  differences  have  to  lie 
expected  The  verification  time  liistory  plots  confinn  the  above  given  conclu.sions  from  tlie  identificat-on  time 
histories: 

1.  I  here  is  satisfactory  agreement  between  the  flight  test  data  and  the  model  prediclicm.. 

2.  The  match  for  the  longitudinal  motion  variables  is  signilicaiitly  belter  than  for  the  variables  of  the  literal 
directional  motion. 

3.  The  on-axis  responses  are  very  close  wlieieas  larger  differences  arc  .seen  in  the  off-axis  time  liisioiies. 

4.  'Ihe  yaw  rate  fit  is  Ic.ss  accurate  than  tire  roll  or  pilch  rate  fit.  Even  Ihe  on-a-xis  response  shows  .some  larger 
discrepancies.  A  similar  tendency  was  seen  on  the  BO  105  results.  In  the  Working  Gioup  Meetings  OLR 
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pointed  ouf  that  previous  work  also  revealed  diificultirs  in  the  yaw  rate  match.  In  conclusion,  the  con¬ 
ventionally  used  yaw  motion  formulation  in  6  models  seems  to  l>c  not  quite  appropriate. 


6.1.7  Problcfn  Areas 
6. 1.7. 1  Data  Quality 

Ihc  data  evaluation  is  discussed  in  section  6. 1.3-  Although  it  is  diiTicnlt  to  .is.scss  the  degn-c  to  which  daU 
problems  influence  ihc  identification  results,  it  is  clear  that  the  All-64  database  has  some  notable  problems. 
Some  of  these  data  problems  include: 

1.  short  record  lengths, 

2.  large  amplitude  respt)nsc, 

}  noi.sy  translational  acceleration  measurements, 

4.  quaniiwtion  errors  in  Imlcr  angle  measurements,  and 

5.  jMissihlc  turlnilenl  flight  conditions. 

Noise  in  the  acceleration  nieasurerncnis  and  quantization  errors  in  Fuler  angle.s  can  he  miiumi/cd  or  corrected 
during  the  stale  c.stininlion  step  Other  problems  such  as  the  short  record  length  cam.ol  he  corrected.  I  hc 
process  noise  due  to  gusts  in  particular  ha.s  been  shown  to  have  detrimental  effects  on  output  error  idcnlifica' 
tion  icsuits 


6.1. 7.2  llrno  Orlays 

vSin  degiec-of-ficcdom  linear  models  cannot  account  for  response  lags  bclwcctJ  the  contrt>l  input  ajid  vehicle 
acrclcratioij  (linear  and  angular)  which  occur  in  the  real  helicopicr  as  a  lesult  of  higher -order  dynamics  (c  g 
rotors  and  actuators).  Additional  higher-order  dyitamics  arc  further  intnxluccd  into  the  flight  data  as  u  result 
of  insirurncntation  system  response  and  fdicrs.  In  the  frequency  range  of  interest  for  6  !3ol-  fliglit  mcchanicN 
models  (e  g.  0.1  rad/s  to  lOrad/s).  the  high-order  dynamics  can  be  satisfactorily  approainialcd  by  including 
an  effective  time  delay  on  each  control  input.  An  accurate  estimate  of  the.se  effective  time  delays  is  important 
for  obtaining  physically  reasonable  values  for  primary  angular  damping  derivatives  of  the  6  DoT  models  (i.e. 
V  T  inic  domain  idcnidication  iesult<i  for  the  BO  IC5  obtained  by  the  O!  R  (Kalefka  pi  al.,  IPSO, 

[6.1.7])  show,  for  example,  that  the  identified  value  of  Lp  is  reduced  by  25  %  when  the  tunc  delays  as.sociaied 
with  the  rotor  and  actuators  arc  omitted  from  the  model  structure.  ITiis  reduction  in  the  value  of  d.aniping 
derivatives  occur'  so  that  the  6  Dob  model  tan  match  the  extra  phase  lag  associated  with  Ihc  l.ighcr .order 
d)7iamic.s.  Thus,  the  resulting  damping  derivatives  no  longer  iciaiii  their  physic, al  meaning.  Clearly,  time  del.ays 
must  be  included  in  the  6  Dob  model  structure  for  rolorcrafl  identification. 

6.1. 7.2. 1  'I  htoreticttl  Estimate  of  AH'64  Time  Delays 

Tlie  Control  signals  for  ihc  AH-64  database  were  measured  at  the  outpi  :  .if  the  actuators.  This  eliminates  the 
contribution  of  the  control  linkages  and  arlualors  to  the  higher-order  dynamics.  The  remaining  highc,  -order 
dynamics  are  lho.se  associated  with  the  rotor  icsponse  and  the  sensor  filters.  The  measurement  system  dynamics 
(rale  gyros,  etc.)  are  neglected  since  their  bandwidth  is  usually  very  large  a.nd  thus  contribute  only  a  very  small 
cft'cctive  time  delay.  Tlie  dynamics  of  the  rotor  tip  palh-plarc  flapping  can  be  approximated  by  a  first-order 
response,  with  a  lime  constant  T  m  16/(yn)  (HeTley,  et  al..  1986,  [6.1.8]).  Ihe  equivalent  time  delay  for  this 
first-order  pole  has  the  same  value  r  =  16/(yO).  For  the  AlI-64,  this  equivalent  time  delay  is  0  064  s. 

Before  data  recording,  the  measurements  were  filtered  by  analogue  fillers  For  most  data  channels,  filters  with 
a  cutoff  frequency  of  6  Hz  (-3dB  ba.idwiJlh  frequency)  were  used.  However,  for  Ihc  controls,  Ihc  pilot  scat 
accelerometers,  and  the  Fuler  rales,  filters  with  a  cutoff  frequency  of  50  H/  were  applied.  Assuming  2nd-ordcr 
Bullerworlh  fillers,  the  time  delays  associated  with  the  measurement  system  fil'ers  are  deicnnined  from  a 
transfer-function  lit  of  the  filter  frequency -response  (Tischler,  1987,  [6.1.9]) 

♦  6  Hz  filler:  0  0390  s 

•  50  |Izfdter:0.0046  8. 

ITius,  Ihc  effective  time  delay  due  to  the  angular  response  filters  is  the  difference  between  the  output  sensor 
filter  delay  and  the  input  sensor  filler  delay:  0  039  s  -  0  0046  s  «  0.0344  s.  Ihc  estimated  total  effective  delay 
for  the  angular  responses  is  the  combined  delay  of  the  rotor  and  measurement  system: 
0  064  8  -6  0  0344  s  ■  0.0984  a.  Ihe  vertical  response  to  coUcclive  vviU  have  a  significantly  smaller  lime  delay 
associated  predominantly  with  the  filter  effects  (0  0344  s). 
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€■.1.7.12  liiMlfktaon  ^  Time  DtUft 


I  requcncy  and  linKr-doriiaiii  methods  were  used  by  WG  members  to  identify  et)uivt]ent  time  delays  for  use 
in  the  b  IVI-  models  l  iequency-domaiii  methods  are  particularly  well  suited  to  tinre  delay  idcntdication 
because  the  tinre  delay  causes  a  linear  irKtease  in  phase  shift  with  fre<|ucncy  and  thus  a  linear  effect  in  the 
identiricaliun  cost  fusKiion  Parameters  that  cause  linear  chanses  in  the  cost  function  are  identified  with  the 
highest  relative  accuracy  Ibc  Al’DI)  conducted  fresjuerKy-response  identification  and  transfer-function 
modelling  on  tlic  longitudinal  and  collective  sweep  data  l  ime  delays  were  included  in  these  models,  'fhe  fol¬ 
lowing  time  delays  and  standard  deviations  were  determined: 


l  or  the  longiludittal  control 


Transfer  fuiKtion 
<j/'*lon 

'/'*IOn 

I  or  the  collex-tive  contml 


Time  delay 

Value  Standard  deviation 

0  1 10  8  13% 

OIOSs  14% 

fll|7s  14% 


Time  delay 


T  ransfer  function  Value 

fl/dcn  0  132 

r/deoi  0.104 

«,/de«  0.031 


lltc  average  delay  for  the  longitudinal  cyclic  input  responses  isO  111  s  Ihis  corresponds  well  with  the  previous 
estimate  of  0  0676  s  the  vcnical  response  to  collective  has  a  time  delay  of  0  031  a,  which  corresponds  to  the 
filter  delay  of  0  033$  s.  also  as  espcctcd  Note  that  the  estimated  variances  for  the  time  delays  (available  only 
fnr  the  longitudinal  sweeps)  are  quite  small,  indicating  a  reliable  identification  result.  1hc  use  of  a  single  time 
delay  for  each  coriUnl  (4  delays  in  total),  causes  all  the  responses  to  a  pauticulai  input  to  have  the  same  effective 
time  delay.  Thus,  the  effective  time  delay  for  application  to  the  longiludirul  input  should  be  about  0  111s. 
As  seen  by  the  spread  in  the  time  delays  for  each  response  variable,  this  is  a  good  approximation.  Por  collective 
tnpiiis.  the  angular  responses  have  an  average  delay  of  about  0.118  s.  However,  tits  use  of  a  single  delay  for 
collective  inputs,  will  kad  to  a  poor  match  of  the  n,  response  litis  problem  m  the  use  of  the  delay  approxi¬ 
mation  was  also  found  in  the  BO  105  results.  Hie  adoption  of  a  high-ordcr  model  that  includes  explicitly  the 
rotor  rrtpeinse,  eliminates  this  problem  (lischlcr  et  al.,  1950,  [6.1. 10];  (Pu  el  al.,  1990,  [6.1. Mj). 


1uTK  domain  analyses  of  the  equivalent  time  delays  were  conducted  by  Dl.R,  NAP.,  and  MI>H(^  fiacli 
member  usnl  time-domain  correlation  between  the  control  (input)  and  measurement  (output)  signals.  None 
of  these  analyses  provided  conclusive  estimates  of  the  lime  delays  Therefore,  the  Working  Group  adopted  the 
control  input  delay  of  0  1  a  for  subsequent  idenlification  studies.  Phased  on  the  average  v.ilue  obtained  from  the 
APDD  frequetKy -domain  utalysis 


6.1  J  CoadiMiotw 

llic  mooels  identified  by  the  members  using  several  different  techniques  all  predict  the  aircraft  response  with 
reasonable  accuracy  and  are  therefore  useful  for  such  tasks  as  flight  control  and  flight  simulation  analysis.  Ihe 
identification  techniques  itarl  with  flight  lest  data  evaluation.  Methods  ra.nged  from  least  Squares  identification 
of  simple  biases  and  scale  factors  to  an  extended  Kalman  filter  for  data  reconstruction.  Identification  of  the 
model  involved  choice  of  model  structure  and  trealmcnl  of  gravitational  and  kinematic  force  tarms  with  a  range 
of  state  estlmstion  algorithms  used  from  I^ast  Squares  to  Maximum  likelihood.  Considering  the  different 
aspects  of  the  overall  identification  process,  it  is  difficult  to  assess  Ihe  impact  of  any  one  procedure  on  Ihe  final 
results.  In  the  end,  identification  of  helicopter  models  from  flight  lest  data  can  t>e  achieved  using  a  variety  of 
the  techniques  shown  here  with  acceptable  accuracy. 
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Wing 

Main 

rotor 

Span 

4.68  m 

Planform  Area 

575  m' 

Diameter 

14.63  m 

Aspect  Ratio  > 

4  31 

Orardll  dlmenikHii 

Blades 

Chord 

4 

0.533  m 

Incidence 

6“ 

Overall  Length 

17  73  m 

Profile 

HH02 

j  Fuselage  Length  14.97  m 

Blade  Area 

15  6  m* 

Horizontal  atabllator  I 

Overall  Height 

5  23  m 

Solidlly  <Thrust) 
Tip  Sweep 

0092 

20° 

Span 

3  92  m 

Twist 

-go 

Area 

3  34  m 

Shaft  Angle 

50 

Aspect  Ratio 

46 

Profile 

NACA  0018 

Mats  and  moments  of  Inertia 

Incidence 

0" 

Mass 

6643  kg 

Dihedral 

0° 

'x 

8294  kg  m’ 

TaH  rotor 

L 

52994  kg 

Vertical  tall 

Diameter 

2  705ni 

•z 

50187  kg  m 

Blades 

4 

Span 

2.73  m 

4847  kg 

Chord 

0.254  m 

Area 

2.99  m’ 

Profile 

NACA  64A410 

Aspect  Ratio 

2  50 

Solidity 

0.2256 

Profile 

NACA  4415  root 

Twiet 

-8  8° 

Incidence 

NACA  4416  tip 

C° 

Dihedral 

0° 

I 

I  Table  6.1.1.  List  of  physical  characteristics  of  the  AH-64 

Group 

VaiiaWes 

Quantity 

Source 

Original 
Sampling 
Rate 
(In  Hz) 

Forward/Art  Cyclic 

Actuator 

470 

■s. 

Lateral  Cyclic 

Acluator 

470 

1 

CollecUve 

Actuator 

941 

h 

TaH  Rotor  Collective 

Actuator 

470 

Table  6.1.2.  AH-64  Control  Variebies 
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Group 

Variables 

Quantity 

Source 

Original 
Sampling 
Rate 
(In  Hz) 

Angle  of  attack 

Boom  System 

941 

•O 

Angle  of  sideslip 

Boom  System 

470 

< 

Airspeed 

Boom  System 

59 

£ 

Longitudinal  speed 

Doppler  radar 

941 

a  n 

05^ 

if 

Lateral  speed 

Doppler  radar 

941 

Normal  speed 

HARS 

470 

s 

Longitudinal  acceleration 

Accelerometer  at  CG 

470 

si 

J  « 

8 

Lateral  acceleration 

Accelerometot  at  CG 

470 

Normal  acceleration 

Accelerometer  at  CG 

470 

8 

Longitudinal  acceleration 

Accelerometer  at  pilot's  seat 

470 

s? 

e  « 

1  ■* 

Lateral  acceleration 

Accelerometer  at  pllot'e  seat 

470 

1 

<« 

Normal  acceleration 

Accelerometer  at  pilot's  seat 

941 

1  S  8  S 

<  rti  •-'  «i 

Roll  angle 

HARS 

59 

Pitch  angle 

HARS 

59 

Yaw  ar>gle 

HARS 

59 

Roil  rate 

Rato  gyro 

941 

^  « 

2ff 

9  *• 

C  w 

Pitch  rate 

Rate  gyro 

941 

Yaw  rate 

Rate  gyro 

941 

Suler  roll  rate 

Calculated  from  roll  angle 

470 

?!! 

Euler  pitch  rate 

Calculated  from  pitch  angle 

941 

< 

Euler  yaw  rate 

CalculBied  from  yaw  angle 

4V0 

« 

Roll  accelaretlon 

Angular  accelarom«t«r 

941 

11 

Pilch  acceleration 

Angular  accelerometer 

941 

"1 

Yaw  acceleration 

Angular  acceleromeler 

941 

Table  6.1.3.  AH-64  Response  Variables 

Dst^  provki9iJ  Mt  B  uniform  umplin^  rMto  o*  100  Hi. 

dispUcemfail  I  Frequency  content  2,  ^  ^ 


List  of  nms 


110 


*  From  doubSet  and  puUo  fi!«i 
a  B  Standard  deviation 


From  doubtot  filea 


Value 


1.128 


1  01S 


0962 


0.061 


0672 


1.002 


From  concatenated  doublet  filea 


Table  6.1.5.  AH-64  IdentificatioD  ResuHst  Mean  values  of  scale  factors 


2  0228  I  0  2041  |  2  2731  ]  0.1757  |  2.281 
OC223  I  0  1678  I  .0.0137  I  0.2283  I  4)080  I  4)0170  |  0  163 


m/*"'  4)0888  0.1768  4).2043  0.2511 

'■ad/*  4)  0021  00007  4)  0025  0.0012  4)  0025  |  4)  0025  0.0014  |  4)  0032 

fad/*  4)0115  0.0011  4)0109  0.0019  4)011  |  4)0110  0.0017  1  4)01 1 1 


rad/*  4)  0015  0.0017  |  4)  0015 


m/» 


24  450  0  9280 


0  0233  0.2077 


0.0274  0.2210 


0.0024  4)  0010  I  0.0028 


1.29 


•  From  douUel  and  pulse  fi'e*  "  From  double!  file*  *'*  from  concaU 

Table  6.1.6.  AH-64  Identification  Results:  Mean  values  of  biases 


4)0025  0.0089 


4).006  0.005 


0.0003  0.0105 


from  concatenated  doublet  llles 


Lorgttudlnal  control  I  Lateral  control 


Tall  rotor 


Collective  control 


m/** 

-1.0720 

0.1926 

-1.1638 

0.0857 

-1.1900 

02088 

1  2665 

ooooa 

m/8^ 

-:.4200 

0.0284 

1.2880 

0.1930 

1.1180 

0  0361 

0.7912 

0  0445 

m/*’ 

4)0800 

0.0028 

1.0994 

0  2300 

1  0194 

0  0437 

4)2747 

0.0608 

rad/t 

41.0012 

4)0013 

0.0011 

•0.0120 

00023 

0  0013 

0  0019 

0.0244 

00894 

0  0028 

0.0927 

00008 

-0.0015 

0.0002 

ICQ 

4)0018 

1  0.0012  ] 

4)0959 

0.0010 

4)0040 

00020 

-0.0053 

0.0020 

’  From  doublet  and  pul«e  nie* 
o  m  Standard  deviation 


From  doublet  file* 


From  concatenated  doublet  llle* 


Table  6.1.7.  AH-64:  AFDD  results  for  mean  values  of  frequency  sweep  biases 


m 


Table  6.1^  AH-61  Identifkatioii  Results:  List  of  siiccific  force  derivatrves  with  respect  to  flight  ririables 


**  Valiieft  determined  from  frequency  domain  catculation^ 
a  a  Standard  deviation 

Table  6.1.12.  AH-64  IdentificatioH  Results:  EquiTaleirt  control  time  delays 


Flgore  <.1.4.  Anguiar  aeoeieratioD  consistency  for  fU*  3  (MDHC) 


Figure  6.1.5.  Comparison  of  measured  and  reconstructed  time  histories:  linear  velocities  (MDHC) 

(Result  bom  Kaloxsc  fUter  state  cstioaiion) 


e  6.]. 7.  Comparison  of  measured  and  reconstructed  time  histories;  angular  rates  (MDHC) 
It  from  Kalman  Sher  state  estimation] 


•00 


Ft{|[iire  6. Li 3.  Cootrol  time  histories  for  daU  group  2 


fkatioD  result:  Time  historr  compvisoo  of  measured  liaU  »ud  Ibe  response  of  the  kJenti/ied  model,  angular  rates, 
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6.2  Case  Study  II;  BO  IDS'*) 


6.2.1  InlrcrfMctlan 

BO  105  flight  test  data,  generated  particularly  for  system  identification  puriai.scs,  were  provided  to  the  Working 
(rroup  hy  1)1  .R  In  the  Working  CJroup  the  data  were  used  for  three  major  steps; 

1  data  consistency  analysis, 

2  identification  of  6-degrees  (if-ficcdom  models,  and 

3  verification  of  the  identified  models 

Ihis  case  study  mauily  concentrates  on  the  applied  approaches  and  the  ohiained  results.  It  also  gives  .a  short 
review  of  the  flight  tests  and  the  data  base.  Here,  however,  more  information  is  provided  in  section  4 


6.2.2  (•cncral  Dcaeriptlnn  of  BO  105 

Ihc  Bl)  ins  is  designed  as  a  .multiple  purpose  light  helicopter,  'l  ypical  use  of  the  highly  manocuvrcahlc  twin 
engine  vehicle  are  transport,  offshore,  police,  and  military  missions  An  important  design  feature  is  the  liingcicss 
rolor  system  with  four  fiher  rcmforccd  composite  roteiolades  fherc  are  no  additional  lead, 'lag  dampers  I  be 
semi-rigid  teetering  tail  rolor  is  on  the  left  side  of  the  helicopter,  working  as  a  pu.shcr. 

I'ilot  control  inputs  are  augmented  hy  two  parallel  hydraulic  servo  systems  llicre  i.'  no  specific  mixing  unit, 
so  that  control  ii.puls  are  only  mixed  at  the  swash  plate.  The  BO  105  is  ccjuipjied  with  two  Allison  2,50  (i2n 
engines  located  above  the  cargo  compartment. 

1)1  R  operates  two  different  BC)  105  helicopters.  Ifie  first  one  is  the  s'andard  serial  typ';  (BO  105  S  I2i)  shown 
in  f  igure  6.2.1.  Its  instrumentation  is  designed  to  meet  the  ie<]uiremcnls  of  two  1)1, R  institutes,  the  Instiiut 
for  flight  Mechanic,',  and  the  Institul  for  flight  Guidance  and  Control,  both  located  in  Braunschweig.  Ifiis 
helicopter  was  used  to  generate  the  syslcm-idenlification  flight-test  data  provided  to  the  Working  (iroup  I  he 
second  i)i  K  helicopter  (HO  III5-S.1)  has  been  modified  for  the  use  as  an  in-flight  simulator  l  or  this  A  ITIleS 
helicopter  (Advanced  Technology  Testing  Helicopter  System)  a  mndcl-rnllowing  control  system  was  developed 
at  Dl.R  and  is  presently  improved  Here,  highly  accurate  BO  IDS  mathematical  models  arc  required  and  the 
research  work  conducted  at  Dl.R  has  shown  that  system  identification  is  the  best  suited  tool  to  generate  such 
models  (Kalelka  el  al.  1989, 16.2.lj). 

■fo  give  an  impression  on  the  helicopter  sixe  and  basic  characteristics,  a  three  view  draw,  tg  of  the  DO  105  is 
given  in  I'igure  6  2  2  and  some  more  details  are  provided  in  fable  6.2.1 


6.2.3  Flight  Testing  and  Data  Evafualkm 
6.2.3. 1  General 

llic  identification  of  dynamic  systems  is  always  based  on  the  evaluation  of  the  relationship  letween  the  mea¬ 
surements  of  the  control  inputs  and  the  resulting  system  response.  Therefore,  accurate  measurements  ate  an 
indis|iensable  prerequisite  for  a  reliable  identification.  Usually  results  arc  obtained  from  one  flight  lest  run. 
I  lowevet,  when  the  time  duration  cf  the  test  is  loo  short  or  when  the  system  is  rather  complex,  the  information 
conte.ol  of  a  single  run  can  be  insulficsent.  This  is  often  the  case  for  the  identification  of  helicopters  as  a  high 
number  of  unknowns  must  be  determined  and  the  data  run  length  is  limited  due  to  helicopter  instabiljties  To 
still  provide  more  information  for  the  identification  algorithm  it  is  possible  to  simultaneously  evaluate  different 
test  runs  and  generate  one  common  model.  This  method,  known  ss  multipU  or  concalrnated  rwi  evaluation 
has  become  a  common  approach  in  rolorcraft  identification.  However,  it  can  only  be  applied  when  the  con¬ 
catenated  runs  have  practically  the  same  initial  flight  test  conditions  and  helicopter  and  instrumentation  stilus 
Therefore,  the  Dl.R  BO  )05  flight  test  data  provided  to  the  AGARD  Working  Group  were  generated  within 
one  flight  test  program,  fhe  tests  were  especially  designed  for  system  identification  purposes  with  particular 
input  signals  and  carefully  controlled  initial  conditions  and  conduct  of  the  tests. 

Ihe  flight  test  data  evaluation  with  rcspcc'  to  the  geneialion  of  appropriate  data  and  the  analysis  of  the  data 
quality  can  be  eepaiatcd  into  three  major  steps 


'*)  Principal  Aulhat;  J.  Kiktka.  DLR 
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1.  on-line  data  control  during  the  (light  tcstjt, 

2.  fnst  off-line  data  quality  asscrtsment  immediately  aflcr  each  (light, 

3.  detailed  data  consistency  analysis  aAcr  the  end  of  the  (li^t  lest  program. 

The  first  two  steps  were  done  by  1)1  ,R  before  the  data  were  released  to  the  Working  Ciroup.  Ilien,  the  more 
thoixmgh  analysis  was  performed  by  the  Working  Group.  In  this  chapter,  the  approaches  and  obtained  results 
are  presented. 


6.2. 3.2  On-line  data  control 

During  the  fliglit  test*  the  measured  signals  were  sent  by  telemelO'  to  a  ground  .station.  ‘I*hcy  were  plotted  in 
the  form  of  quick-look  plots  and,  in  addition,  selected  variables  were  shown  on  a  monitor.  The  objectives  of 
the  quick-look  evaluation  were 

1.  to  control  the  conduct  of  the  flight  tests  and  give  recommendations  to  the  pilot. 

Main  emphasis  was  placed  on  the  atmospheric  conditions,  the  proper  input  signal  and  the  aircraft 
re.spon.se  The  tests  were  flown  in  calm  air  to  avoid  gust  disturbances.  Here,  pilot  comments  proved  tt> 
be  very  helpful.  Rased  on  outside  temperature  measurements  on  foard  of  the  helicopter,  the  required 
pressure  altitude  was  iteratively  determined  to  make  sure  that  all  tests  were  down  at  the  same  air  density 
level. 

'I  hc  input  signals  were  generated  by  the  pilot.  Within  one  test  ran  only  cfic  control  was  used  to  excite  the 
on-axis  response  and  to  avoid  correlation  with  other  controls.  /vAcr  an  accurate  irim  configuration  was 
reached,  the  on-lint  data  evaluation  concentrated  on  the  shape  of  the  input  signal  and  possible  control 
coupling.  Then,  it  wa.s  checked  if  the  resulting  helicopter  response  met  two  main  criteria: 

•  As  the  models  to  be  identified  arc  based  on  small  perturbation  assumptiou.s,  the  response  amplitudes 
should  not  be  too  large.  As  a  certain  guideline:  the  pitch  and  roU  aii^c.s  shouM  not  exceed  25  lo  30 
degrees. 

•  *fhe  total  time  length  of  the  test  should  at  least  be  about  25  seconds  to  pr'.v.'ide  suflfieicrit  infoiTt' 
about  Ihc  phugoid  mode. 

2.  to  delect  data  errors, 

'I'he  on-line  quick-look  helped  in  delecting  maior  and  obvious  data  cnors  like  .sensor  malfunctions,  si^TiaJ 
saturations,  larger  sensor  drifts,  data  drop  outs,  noise  disturbances,  etc  .  But  it  has  to  be  considered  that 
t  nly  some  selected  data  channels  can  be  observed  on-line  and  therefore,  a  more  del. died  dale  analysis  after 
the  flight  is  necessary. 

.1.  to  decide  if  the  lest  is  acci'piable. 

Based  on  the  quick  look  evaluation  and  pilot  comments  it  was  decided  .iflcr  caeli  lest  if  Ihc  test  was 
acceptable.  When  it  had  to  be  repealed,  recommendations  were  given  lo  the  pilot,  such  as  improvement 
of  trim,  adjustment  of  control  input  amplitudes,  mput  signal  generation,  etc. 

6.2.3.3  Drat  ofT-line  daU  quality  asaessineni 

Experience  in  working  with  measured  data  has  shown  that  signirieant  errois  i.n  the  data  can  occur  although 
great  efforts  were  made  to  generate  accurate  data.  UrJbrtunately,  enors  are  often  only  delected  during  the 
evaluation  phase,  when  all  tlight  te.sis  are  completed  and  the  instrumentation  system  has  probably  already  been 
modified  for  other  tests.  Iltcn.  flight  tests  cannot  be  repeated  and  often  it  is  difTicult  or  impossible  to  find  Ihc 
physical  error  source  and  to  coircct  the  data. 

To  reduce  this  risk  it  is  nece.ssary  lo  carefully  check  Ihc  data  quality  immediately  after  each  lest.  Idicrcforc,  plots 
of  all  measured  data  from  the  DO  105  data  tape  were  produced  for  a  detailed  visual  inspection.  Emphasis  was 
placed  on  both,  data  suitability  for  idcnlificalion  and  the  detection  of  errors: 

•  physically  meaningful  data. 

With  some  knowledge  of  Ihc  helicopter  response  doc  lo  a  control  input  most  of  the  measurements  can 
easily  be  cheeked  for 

-  correct  sign. 
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—  realistic  magi;iludc, 

—  noise  level. 

•  signal  saturation  and  resolution, 

In  preliminary  te.sls  the  expected  maximum  helicopter  response  for  the  specific  tests  'ivas  determined. 
Based  on  these  measurements,  sensors  were  selected  with  an  appropriate  measuring  range  The  digili/.a- 
linn  range  was  fitted  to  the  expected  response  range.  Both  actions  help  to  improve  the  data  accuracy  ai.J 
resolution  However,  they  also  increase  the  risk  of  data  saturation  due  to  a  higher  amplitude  rcspon.se  or 
higher  noise  level  as  expected. 

•  data  drop  outs, 

I'or  the  BO  105,  unfillcred  data  were  recorded.  1  heteforc,  data  drop  outs  arc  seer,  as  large  spikes  in  time 
history  plots  and  can  easily  be  detected.  If  only  a  few  drop  outs  occur  it  is  relatively  easy  t<r  correct  the 
data  by  removing  the  erroneous  samples  and  replace  them  by  interpolated  data.  However,  some  inaccu¬ 
racy  must  be  accepted,  which  is  particularly  Imc  in  data  parts  svith  higher  dynamic-  1  he  major  danger' 
of  data  drop  outs  occurs  wheo  data  arc  fillcrcd.  I'hcn  the  errors  arc  no  longer  obvious  and  can  cause 
significant  inaccuracies  in  the  data. 

•  data  recording  errors, 

•  any  other  data  irregularities. 

In  addition  to  the  visual  data  check,  a  first  data  compatihility  analysis  was  conciuctcd  Using  a  fast  least 
Squares  technique  the  consistency  of  the  rotational  mcasuicmeiits  (rates  and  angular  measurements)  and  the 
translational  measurements  tlincai  accelerations  and  speed  components)  was  investigated  .Scale  factors,  offsets 
and  drifts  can  be  determined.  This  techniques  is  applied  routinely  in  1)1  .R  flight  tests  and  proved  to  be  a  very 
efficient  approach. 

Before  the  BO  105  fliglit  test  data  were  provided  to  the  Working  Group,  first  data  quality  checks  and  com¬ 
patibility  analyses  were  performed  by  OI.R  to  ensure  that  the  data  did  not  contain  significant  deficiencies 

<i.2.3.4  HO  105  Data  Base  provided  to  the  Working  Croup 

Prom  all  flight  tests,  52  rans  v  ere  selected  by  1)1. R  and  provided  to  the  Working  Group  Members.  1  hey  are 
listed  in  Table  6.2.2.  Plight  lest  data  obtained  from  three  different  input  signal.'  were  provided: 

1.  a  modified  multi-step  321 1  input  signal  with  a  total  time  length  of  7  seconds, 

2.  a  frequency  sweep  from  alxiul  0.08  Hz  up  to  the  highest  frequency  the  pilot  could  generate  I  ime  length 
of  the  sweep  was  about  50  seconds  followed  by  the  ictrim  to  the  initial  steady  state  condition  (important 
for  frequ'  ncy  domain  evaluation). 

ii  doublet  with  a  total  time  length  of  2  second 

Plight  data  with  the  input  signal  starting  in  opposite  direction  were  generated  for  the  321 1  and  doublets  Por 
rcdundiincy  rea.sons,  one  or  two  repeats  of  each  test  were  provided  (sec  Table  6  2.2).  Within  a  run,  only  one 
control  was  used  to  excite  the  on-axis  response,  por  the  (lights  with  321 1  and  doublet  inputs  the  controls  were 
held  constant  after  the  end  of  the  input  for  at  least  20  seconds.  Because  of  the  long  time  duration  of  the  fre¬ 
quency  swcep.i,  these  tests  required  stabilization  by  the  pilot  to  keep  the  nircrall  response  within  the  limits  of 
small  perturbation  assumptions  for  linear  mathematical  models.  Po  help  the  punt  generate  the  inputs,  a  CRT 
was  used  that  showed  both,  the  desired  input  and  the  actual  control  movement  (Pigure  6  2.3)  For  the  sweeps, 
the  (HR  P  sl.owcd  the  lowest  frequency  as  j  'starting'  i  e!p  3  hen,  I'.ie  pilot  progressively  increa.scd  Ihe  frequency 
on  his  own. 

Ihc  measured  variables  provided  to  the  Working  Group  are  given  in  Ta(  'c  6.2.3  and  1 1  ble  6.2.4  As  a  rep¬ 
resentative  ext'jnple  from  the  data  base,  Figure  6.2.4  gives  the  oil  and  oilch  rate  responses  due  to  the  three 
input  signals  in  the  sam"  scales.  It  shows  that  the  input  ampli.  .dcs  were  adjusted  to  generate  sim'dsr  helicopter 
on-axi.s  responssr  magnitudes.  It  also  demonstrates  the  higidy  coupled  DO  IDS  chamctenslic:  the  (coupledl  roll 
rale  response  due  to  a  iongiltidinal  stieic  input  is  as  bigh  as  the  primary  pilch  rale  responv;.  More  time  histories 
of  the  mtas'uemcnts  will  be  gitco  later  in  this  chapter  when  identification  results  are  diseus.<)ed. 
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6.2. 3. S  Detailed  data  consistency  analysis  in  the  Woriilng  Group 

Based  on  the  initial  data  check  results  from  the  52  data  files,  Dl.R  suggested  a  minimum  data  set  of  four  nins 
with  321 1  input  signals  to  be  used  for  the  identification  and  another  set  of  4  data  runs  with  doublet  control 
inputs  to  be  appli^  for  the  vciification  of  the  identified  models.  Each  of  these  data  groups  included  one  run 
for  each  control.  This  proposal  was  made  to  reduce  the  amount  of  work  for  each  Member  and  to  make  results 
comparable.  Eor  the  Af'DD  frequency  domain  technique  the  sweep  inputs  were  used  for  identification. 

All  Members  used  the  same  principle  approach  to  check  the  data  quality.  It  is  based  on  the  coniparison  of 
redundant  measurement:  rates  and  angular  measurements  are  physically  related  by  the  equations 
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The  relationship  between  linear  accelerations  and  speed  componcni.s  is  given  by. 
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In  these  nonlinear  equations,  linear  accelerations  and  rates  are  taken  from  measured  data  and  used  as  'control' 
inputs  The  integration  then  yields  calculated  angles  and  speed  components  that  can  be  compared  to  the 
measured  ones.  When  diflercnces  are  .seen,  a  more  detailed  analysis  is  needed  to  isolate  the  error  sources.  In 
general  it  is  tried  to  estimate  scale  factors  or  zero  offsets  (biases)  for  the  measured  data.  Depending  on  the 
applied  method,  the  estimation  procedure  is  different  in  its  power  and  compleuty.  When  the  technique  does 
not  allow  the  liitegiaiion  of  nonlinear  systems,  all  variables  on  the  right  hand  side  are  taken  from  measure¬ 
ments  I'hen,  all  terms  are  known  and  the  equation  system  can  easily  be  integrated.  When  nonlinear  systems 
can  be  handled,  there  is  more  flciubilily  with  respect  to  the  use  of  the  altitude  angles  and  speed  components; 
each  of  these  variables  can  either  be  treated  as  a  known  measured  control  or  as  a  state  variable  obtained  from 
the  actual  integration,  litis  possibility  is  very  useful  to  isolate  erroneous  data  channels.  However,  independent 
from  the  applied  method,  some  general  stalemenls  can  be  made  from  the  DO  105  data  evaluation: 

1.  Due  to  parameter  cotrelalions  it  is  not  possible  to  estimate  all  scale  factors  and  biases  for  all  measure¬ 
ments.  Based  on  the  assumption  that  rate  gyros  and  linear  acceleromctc:  s  arc  the  more  reliable  sensors, 
the  usual  approach  therefore  is  to  estimate: 

•  scale  factors  for  altitude  angles  and  speed  components, 

•  and/or  biases  for  rates  and  linear  accelerations. 

2  Ihc  error  estimation  for  the  angular  motion  equations  causes  no  major  problems. 

3.  'Ilie  determination  of  errors  for  the  translational  motion  equations  is  more  difficult  because  of  some 
unique  problems: 

•  the  equations  are  coupled  with  the  rotational  equations  by  the  gravity  terms.  As  they  have  a  signif¬ 
icant  effect,  errors  in  the  attitude  data  also  highly  influence  the  comparison  of  the  speed  data. 

•  the  linear  acceleration  measureme.ats  have  a  high  noise  level  due  to  vibrations.  Helicopters,  and  in 
particular  rigid  rotor  helicopters  like  the  BC)  105,  generate  only  small  accelerations  in  the  longi¬ 
tudinal  and  lateral  body-fised  axes  as  the  acceleration  components  due  to  a  speed  change  are  prac¬ 
tically  compensated  by  the  gravity  components.  The  fact  that,  on  the  one  side,  sensors  must  have  a 
high  measuring  range  due  to  the  noise  level  whereas,  on  the  other  side,  the  signal  to  noise  ratio  is 
small  (about  0.1  for  the  BO  105)  reduces  the  high  measurement  and  resolution  quality  of  the  linear 
acceleration  data.  This  is  particularly  the  case  for  the  lon^tudinal  and  lateral  accelerations. 

•  measurement  of  aircraft  speed  compstnents  is  still  a  major  probh  n  and  the  obtained  accuracies  are 
significantly  lower  than  those  cf  the  angular  or  linear  acceleration  data.  This  is  also  true  for  the 
hchcoptci  air  data  system,  which  is  installed  on  the  BO  105.  I'oi  the  considered  flight  condition  of 
about  80  knots  it  cannot  improve  the  data  quality  in  comparison  to  other  data  sources  like  nose- 
boom  mo  inred  vanes  and  pressure  seniors. 


137 


In  the  Working  Group,  APPL),  CERT,  DLR,  NAE.  and  NI.R  performed  data  consistency  checks  for  the 
BO  105  data.  In  the  following,  the  individual  approaches  ate  characterized. 

AFDD 

Ezterisive  work  on  data  consistency  for  all  provided  BO  105  data  runs  was  done  by  AI-'DD.  First  results, 
frresented  in  Kaletka  et  al.,  1989,  [6.2.2],  were  obtained  from  the  separate  evaluation  of  each  individual  run 
A  more  detailed  study,  including  concatenated  evaluations,  is  given  by  Fletcher,  1990,  [6.2.3].  The  Kalman 
Filter  Smoother  program  SMACK  (Smoothing  for  Air  Craft  Kiitematics)  developed  at  the  Arnes  Research 
Centf  ■  was  employed  1  he  algorithm  is  based  on  a  variational  .solution  of  a  sin  degrees  of  freedom  linear  stale 
and  non-linear  measurement  model  and  employs  a  forward  smoother  and  zero-phase-shift  backward  informa¬ 
tion  fdter.  The  solution  is  iterative,  providing  improved  state  and  measurement  estimates  until  a  minimum 
squared-error  is  achieved  l.mcarization  is  about  a  smoothed  trajectory  and  convergence  is  quadratic  (Bach, 
1984,  [6.2.4]). 

Consistency  checks  were  performed  in  two  steps: 

I  a  preliminary  three  degrees  of  freedom  check  including  only  the  Euler  angle  and  body  angular  rate  meas- 
urc'nents, 

2.  a  iinal  six  degrees  of  freedom  check  including  the  angular  variable  measurements  and  the  air-data  and 
linear  specific  force  measurements. 

This  approach  allowed  initial  estimation  of  the  angular-variable  error  parameters  to  be  performed  unbiased  by 
the  noisier  air-data  and  specific-force  measurements.  The  values  estimated  in  the  angular  solution  and  their 
variances  were  then  used  as  start-up  values  in  the  final  overall  solution.  This  two-step  proccduit  resulted  in 
a  final  solution  with  smaller  parameter  Cramer-Rao  bounds  and  quicker  convergence  than  a  one-slep  coupled 
solution.  The  obtained  results  are  included  in  Table  6.2.5  and  Table  6.2  6. 

CERT 

CERT  has  used  an  output  error  minimization  technique  to  estimate  scale  factors,  biases  and  initial  conditions 
From  the  obtained  results  it  was  concluded,  that  the  measurement  errors  were  not  so  significant  to  justify  use 
of  reconstructed  data. 

DLX 

The  airdata  measurement  problem  has  already  been  addressed.  In  the  flight  tests  the  measured  lateral  .speed 
was  about  4  m/sec  and  the  vertical  speed  about  -5  m/sec.  It  was  felt  that  there  vtJucs  were  not  realistic  and 
contained  offsets.  Therefore,  for  each  run,  the  initial  vertical  trim  speed  was  calculated  from  steady  state  hori¬ 
zontal  flight  using  forward  speed  and  pitch  angle  (this  approach  was  also  used  by  NAF,).  The  lateral  speed 
could  not  be  determined  from  other  measurements.  As  the  pilots  were  asked  to  miniiTiize  the  sideslip  during 
trim,  the  initial  lateral  speed  was  assumed  to  be  zero. 

For  the  .state  estimation,  I3I-R  used  the  Maximum  Likelihood  program  that  is  aJso  applied  for  system  iden¬ 
tification.  The  nonlinear  kinematic  equations  were  integrated,  where  the  measured  rates  and  linear  accelerations 
were  treated  as  'inputs'  suid  all  other  variables  were  used  as  states.  Calculated  attitude  angles,  heading,  and 
speed  components  were  obtained.  Comparing  the  derived  time  histories  with  the  mea-sured  data  two  groups 
of  unknowns  were  estimated: 

•  scale  factors  for  the  speed  components,  attitude  angles  and  heading, 

♦  1  iases  (offsets)  for  the  rates  and  lii.car  accelerations. 

Both,  single  and  concatenated  files  were  evaluated.  The  final  results,  obtained  from  all  files  as  well  as  from  the 
suggested  (iles  are  given  in  Table  6.2.5  and  Table  6.2.6. 
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NAE 

Consistency  checks  were  performed  on  all  data  files.  The  sanie  method  as  already  described  in  the  AH  64  case 
study  was  used  (section  6.1).  Angular  data  were  found  to  be  of  good  quality  and  they  were  then  used  without 
any  changes  for  the  identification.  Speed  data,  however,  were  felt  tc  be  not  acceptable  and  therefore,  for  all 
three  speed  components,  reconstructed  data  were  generated. 
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NLB 

I'hc  Bo  105  data  were  originally  provided  with  a  eampling  rate  of  100  11?  ITiis  sampling  rale  was  reduced  to 
25  H?..  No  filter  was  used  for  the  data  reduction  Then  NLB  applied  an  output  error  tecluiique,  which  uses  the 
nonlinear  kinematic  equations  to  estimate  measurement  biases.  Various  data  runs  were  evaluated,  1  he  obtained 
results  for  the  biases  were  comparable  with  the  biases  obtained  from  the  eomblnation  of  the  four  data  runs  that 
were  suggested  for  identification.  Visual  inspection  of  the  reconstructed  lime  histories  with  the  measured  ones 
confirmed  that  the  quality  of  the  measured  data  is  satisfactory  and  no  significant  errors  were  detected,  llic 
measured  linear  accelerations  and  rates  were  corrected  by  the  identified  biases  and  the  reconstructed  speed 
components  were  generated  for  the  use  in  the  identification. 

The  estimated  bias  terms  for  the  linear  accelerations  and  rates  obtained  from  the  data  consistency  checks  of  the 
four  combined  runs  are  pven  in  Table  6.2.6. 

6.2.3.6  Discussion  of  results 

In  the  following,  results  obtained  from  the  data  consistency  analysis  are  illustrated  by  representative  plots  and 
the  estimated  scale  factors  and  biases  are  summarized  in  the  form  of  tables 

In  figure  6  2.5  and  Figure  6  2.6  measurements  from  two  flight  tests  are  shown.  Modified  321 1  input  signals 
were  used  for  the  longiludinal  slick  (in  the  first  run)  and  for  the  pedal  (in  the  second  run)  Figure  6.2  5  com¬ 
pares  the  measured  speed  components,  attitude  angles  and  heading  to  reconstructed  data.  .\11  scale  factois  were 
assumed  to  be  one.  It  is  clearly  seen  that  angular  variables  arc  in  good  agreement,  wheieas  the  speed  compo¬ 
nents  show  larger  differences.  In  particular,  in  the  lateral  speed  data  two  deficiencies  are  obvious: 

1.  In  the  first  mo  there  arc  two  sections  with  'data  drop  exits'  w'ncre  the  sensor  wa-s  aiTcctcd  by  the  rotor 
downwash  when  the  helicopter  is  in  climb  and 

2.  a  scale  factor  error,  which  is  best  seen  during  the  time  of  the  pedal  input. 

The  longitudinal  and  vertical  speed  data  show  .some  smaller  differences  In  a  second  data  consistency  eva'u- 
atic'n  scale  factors  were  estimated,  'llte  factors  for  the  angular  data  stayed  at  about  one.  For  the  speed  com¬ 
ponents,  however,  scale  factors  of  about  0.9  for  the  both,  the  longitudinal  and  vertical  b[>ecil,  and  0.7  for  the 
lateral  speed  were  identified  (Definition:  Measurement  =  Scale  factor  *  Kcconstructcd  Data).  Figure  6.2  6 
compares  the  obtained  reconstructed  data  with  scale  factor  corrections  and  the  measurements. 

Tabic  6.2  5  and  I  able  6.2.6  summarize  the  results  obtained  from  the  data  consistency  analysis  conducted  be 
AFDD,  Dl.R,  and  NLR.  Fwo  different  cases  must  be  distinguished: 

1.  When  all  data  runs  were  evaluated  separately,  the  mean  values  and  the  so  culled  practical  standard 
deviations  were  calculated  from  all  individual  results. 

2  When  only  the  suggested  four  data  njns  were  considered,  ;he>  were  concatenated  sti  that  one  single  rc.suli 
was  obtained.  Then,  the  standard  deviation  given  in  the  table  coircsponds  to  the  (iramcr-Rao  lower 
bound. 

Scale  lactors  and  their  standard  deviations  are  given  in  Table  6.2.5  For  the  angular  measuremenis  they  arc 
close  to  one  and  indicated  a  higli  data  consistency  between  the  measurements  of  the  rates  and  angles.  Flic  scale 
factors  for  the  forward  and  vertical  speed  data  are  about  0.9  and  may  be  acceptable.  But  for  the  lateral  speed 
component  there  are  larger  deviations  fiom  one  and  a  higher  standard  deviation.  This  result  is  In  agreement 
with  the  visual  inspection  of  Figure  6,2  5  and  Figure  6.2.6. 

1  able  6.2.6  gives  the  identified  biases  for  the  linear  accelerations  and  talcs,  lire  small  values  confirm  the  reli¬ 
ability  of  the  measurements. 

When  deficiencies  in  measured  data  are  detected,  the  analyst  has  to  decide  how  to  use  tltis  information.  In  the 
case  of  the  BO  !05  speed  measurements,  the  choice  could  be  made  t:»  cillier  use  the  measured  or  the  recon¬ 
structed  data.  On  the  one  hand,  the  measured  data  can  still  provide  useful  speed  information  although  they 
may  not  be  fully  compatible  with  the  other  measured  signrds  (e.g  linear  -iccclerationr).  On  the  other  hand, 
compatible  reconstructed  data  can  be  generated  However,  they  arc  derived  from  the  linear  acccleioiiieier  and 
vertical  gyro  signals  and  therefore  transfer  errors  froiri  these  instruments  into  the  calculated  speed  data. 

Both  approaches  have  their  advantages  and  disadvantage.  Consequently,  different  decisions  were  also  made  by 
the  Working  Group  Members  C'ERT,  DLR,  and  Uiuversity  of  Glasgow  used  the  measured  data,  whereas 
AFDO,  NAE,  and  NLR  replaced  the  raeasircments  by  reconstructed  speed  data. 
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6.2.4  BO  105  Idtniilkalion 

Based  on  the  results  from  the  data  consistc.ncy  analysis  of  all  data  files  provided  to  the  Working  (hoop,  li)I  R 
selected  eight  flight  tests  for  a  more  detailed  evaluation  Working  Ciroup  Member.',  then  concentrated  on  this 
smaller  conunon  data  base  to  make  the  obtained  identification  results  better  comparable  Ihe  eight  files  were 
divided  into  two  different  data  sets  with  four  files  each: 


I  one  run  with  a  longitudinal  stick  control  input, 

2.  one  run  with  a  lateral  stick  control  input. 

-t  one  run  with  a  pedal  control  input, 

4.  one  run  with  a  collective  contiol  input. 

For  the  first  data  .set.  flight  te.sts  with  .1211  control  inputs  were  selected  to  be  used  for  the  identification.  I’he 
second  data  set  with  doublet  control  inputs  was  suggested  for  the  verification  of  the  obtained  identified  modcl.s. 
f  or  the  'identification  data  runs'  it  was  proposed  to  use  the  first  27  seconds  of  each  data  run. 

fdentification  results  obtained  from  the  sugge.slcd  data  runs  with  121 1  inputs  were  provided  by  (IFR'f,  Df  R. 
NAF./l.hiiversity  of  1  oronto,  Glasgow  University,  and  NLR.  AFDt)  provided  results  obtained  the  flight  tests 
with  frequency  sweep  control  inputs  In  this  .section,  the  identification  ipproachcs  arc  eliaraclerircd  I  hen,  the 
identification  results  arc  summarized  in  the  format  of  t.abics  of  derivatives  and  eigenvalues.  Representative  lime 
histories  and  frequency  responses  are  presented  for  the  comparison  of  measured  data  and  the  response  of  the 
identified  models 

6.2.4. 1  Idcniiflcallon  appioaches 

All  Working  Group  Members  used  a  coupled  sis  degrees  of  freedom  rigid  body  mndcl  as  derived  in  section  5..( 
for  the  identification.  Main  differences  in  the  model  structures  arc:  the  treatment  of  the  nonlinear  kinematic 
and  gravity  terms,  the  number  of  derivatives  to  be  identified,  and  the  determination  of  equivalent  time  dekays 
In  the  following,  these  subjects  are  discus.scd  in  more  detail: 

1  Nonlinear  kinematic  and  gravity  terms. 


iiiviuo'ing  noniinear  terms  in  the  stale  equations  requires  that  the  acliicj  model  slalc.s  ajc  used  in  the 
nonlinear  terms,  like  the  sta(e  variable  8  in  the  gravity  term  g  ■  sin  0.  Gonscquenlly,  an  identification 
method  is  needed  that  can  handle  nonlinear  stale  equations  in  both,  the  estimation  of  the  unknown 
parametets  and  the  calculaiitm  of  the  model  responses.  Such  a  'nonlinear  method'  was  only  applied  by 
Dl.R.  As  most  computer  codes  for  system  identification  are  written  for  linear  systems,  nonlinear  terms 
have  al.so  to  be  linearized  or,  as  a  compromise,  so  called  'forcing  functions'  are  used.  Mere,  the  variables 
in  the  nonlinear  expressions  are  taken  from  the  measured  data,  e  g  the  measured  0  in  o  ■  sin  ©  'nieii 
the  nonlinear  terms  can  be  calculated  and  are  Healed  like  known  control  inputs  (pseudo  controls)  in  the 
integration  of  the  slate  equations.  ITiis  'forcing  function'  approach  was  applied  by  NAF.  All  other 
Working  Group  Members  u.scd  fully  linearized  models. 

2  Number  of  derivatives  to  be  identified. 


3, 


The  definition  of  an  appropriate  model  structure  still  is  one  of  the  basic  and  essential  problems  in  .system 
idcnlificalion  It  is  present  standard  in  lOtorcraR  identification  to  work  with  linear  coupled  six  degrees  of 
fieedem  rigid  body  models,  'niey  have  proved  to  be  suitable  for  various  applications,  i  he  more  difficult 
problem  is  to  decide  which  parameters  in  Ihe  slate  equations  can  be  identified  or  can  be  neglected  or  set 
to  a  fixed  value.  The  determination  of  too  many  unknowns  can  lead  to  .severe  convergence  problems  in 
the  identification  and  to  high  correlations  between  the  individual  parameters,  causing  inaccuracies  and 
large  variances  in  the  estimates  When,  on  the  other  side,  the  number  of  unknowns  is  redoerd  and  sig¬ 
nificant  parameters  are  neglected,  the  model  can  no  longer  adequately  describe  the  helicopter  dynamics 
There  is  not  yet  an  unique  solution  to  this  mosiel  structure  problem  and  consequently,  the  motlcls  Used 
for  the  Bt  105  identification  in  the  Working  Group  ranged  from  models  with  almost  all  parameters 
included  to  highly  reduced  models,  f  rom  totally  60  possible  derivatives,  NAFi  identified  58  parameters, 
whereas  in  Ihe  model  of  the  Glasgow  University  Ihe  number  of  unknowns  was  reduced  to  30  parameters. 
In  such  reduced  models,  the  derivatives  that  arc  neglected  and  not  identified  are  usually  set  equal  to  zero 
nr,  alternatively,  they  ore  fixed  at  values  obtained  frm  simulation  or  wind  lunricl  results.  In  the  WG, 
neglected  parameters  were  assumed  to  be  zero. 

llelemiinalioii  of  equivalent  time  delays. 

Six  degrees  of  freedom  rigid  body  models  show  an  immediate  on-azis  (linear  and  rotational)  acceleration 
response  due  to  contiol  inputs.  Tne  helicopter  response  however  is  delayed  mainly  due  to  the  dynamics 
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of  llic  rotor  and  the  hydraulic  actuators-  To  approaimate  their  effects,  equivalent  time  delays  for  the 
controls  are  usually  used.  'Vhis  approach  has  proved  to  he  suitable  and  can  Ihj  considered  as  a  reasonable 
compromise  to  extending  the  model  order  by  additional  degrees  of  freedom. 

Tor  the  evaluation  of  the  BO  105  data  base,  signiricantly  different  identification  techniques  were  applied.  Time- 
and  frequency-domain  approaches  as  well  as  least  Squares  and  Maximum  l  ikelihood  identification  criteria 
were  used. 

In  the  following,  the  individual  identification  approaches  are  characlcrixed . 

I.  Ilmc-domiiin  idenlifleation  techniques 

•  CKRl 

(3I',R  r  applied  a  Maximum  1  .tkclihood  output  error  technique  for  the  identification  of  linear  models. 
I’hc  proposed  four  BO  105  data  files  were  concatenated  and  evaluated  without  further  modifica¬ 
tions.  Idle  measurement  vector  (variables  to  be  fitted  by  the  model  response)  included  1 1  variables, 
linear  accelerations,  speed  components,  rates,  attitude  and  roll  angles.  I  hc  structure  of  the  linear 
model  was  reduced  to  55  derivatives  to  be  identified. 

•  DI.R 

As  a  first  step,  equivalent  time  delays  between  the  control  inputs  and  the  on-a.js  acceleration 
responses  were  determined  by  a  cross-correlation  technique  The  measured  control  time  histories 
were  then  shificd  by  these  time  delays.  For  the  idcntificatu'r. ,  a  Maximum  Likelihood  method  was 
used  that  allows  the  estimation  of  nonlinear  models  nicrclbrc,  the  kinematic  and  gravity  terms  in 
the  slate  equations  were  kept  nonlinear  and  calculated  from  the  model  response  data.  1  he  other 
terms  were  linear.  Based  on  first  identification  results,  the  significant  and  identifiable  derivatives  were 
dctenriined  by  evaluating  the  inverse  of  the  information  matrix  which  gives  the  standard  deviations 
(Oamer-Rao  lower  bounds)  and  the  correlation  between  individual  parameters  In  the  final  model 
structure,  3S  derivatives  were  identified. 

For  Ihc  idcntilication,  the  measured  data  were  used  without  modifications  except  for  the  iaieiai  and 
vertical  speed  For  the  horizontal  flight  trim  condition,  the  lateral  speed  was  about  4  m/sec  and  the 
vertical  speed  about  -6  m/scc.  IFiCse  values  were  felt  So  be  unrealistic  and  therefore,  the  lateral  speed 
measurements  were  corrected  to  a  zero  value  in  trim,  'Fhe  'true'  steady  slate  for  the  vertical  speed 
was  reconstructed  from  forward  speed  and  attitude  angle  measurements.  Such  corrections  in  Ihc 
initial  conditions  are  necessary  for  nonlinear  models  as  they  use  total  amplitude  values,  whereas  for 
linear  systems,  the  steady  state  is  usually  subtracted  from  the  measurements  so  that  the  data  repre¬ 
sent  only  the  dcvinlions  from  trim. 

Ihe  measurement  vector  included  14  variables:  linear  accelerations,  speed  conipunents,  rates,  atti¬ 
tude  and  roll  angles,  and  rotational  accelerations  A  concatenated  run  evaluation  was  used,  however 
for  each  individual  run  the  initial  conditions  were  fixed  at  the  mean  value  of  the  first  data  points, 
and  offsets  in  the  controls  and  most  of  the  measurement  variables  were  identified  in  form  of  bias 
temis. 

•  NAF- 

Based  on  the  results  from  the  data  consistency  evaluation,  the  measured  speed  data  were  felt  to  be 
inadequate  to  be  used  in  the  identification.  Thcieforc,  NAF,  concentrated  on  the  reconstruction  of 
more  reliable  speed  vatiahlcs.  First,  the  initial  torn  eondilions  for  the  lateral  and  vertical  speed  were 
determined  from  forward  speed,  roll  and  pitch  angles.  Then  the  time  histoties  obtained  from  the 
consistency  analysis  were  used  in  the  measurement  vector  and  for  the  calculation  of  the  forcing 
functions.  A  Maximum  Likelihood  identification  method  for  linear  systems  w&s  applied.  However, 
the  gravity  and  kinematic  terms  in  the  state  equations  were  kept  nonlinear  They  wcic  calculated 
using  the  measured  angles  and  rates  as  well  as  the  rcconslruclcd  speed  components  and  considered 
as  additionally  generated  time  histcrirs  and  treated  like  control  variables  in  the  control  vector 
(  pseudo  controls'). 

F.quivalcnl  time  delay  values,  suggested  by  DLR,  were  used  to  time-shift  the  measured  control  var¬ 
iables  before  the  idenliPcation  was  started.  The  measurement  vector  included  9  ,'ariablcs:  linear 
accelerations,  reconstructed  speed  components,  end  rates.  A  concatcnatnl  run  evaluation  was 
appUed  to  identify  an  almost  full  set  of  58  derivatives,  where  only  and  were  neglected 
Offsets  in  the  conirola  and  measurements  were  taken  into  account  by  estimating  bias  terms  for  each 
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individual  manoeuvre.  I  heves  hiawa  were  uaed  for  Ihe  force  and  moment  stale  equation.^  as  well  as 
for  the  speed  and  linear  acceleration  measuremeni  equations. 

•  M.R 

NI,R  was  Ihe  only  Working  Group  Member  who  applied  an  equation  error  mctliod  or  regression 
analysis.  In  this  technique,  each  slate  equation  is  treated  separately  and  independently  All  stale  and 
control  variables  in  Ihe  considered  equation  are  taken  from  Ihe  measured  data  and  the  unknown 
parameters  arc  determined  by  fitting  the  linear  and  rotational  accelerations  by  a  I  east  Squares  cri¬ 
terion.  As  in  principal  all  term?  in  llir  slate  equations  art  treated  as.  pseudo  controls,  it  is  essential 
to  work  with  highly  accurate  data  I  hcreforc,  NLR  first  concentrated  on  a  data  reliability  analysis 
although  the  'standard  quite  complex  NI^R  approach  for  flight  path  rcconstioiclion  could  not  fully 
be  applied  as  some  additionally  required  measurements  were  not  available. 

In  the  idenlilicalion  step,  equivalent  time  delays  for  Ihe  controls  were  used  and  then  concatenated 
manoeuvres  were  evaluated  to  identify  a  model  with  36  unknown  parameters 

Frequency-domain  iilentincalion  techniques 

•  AfDD 

As  the  data  consistcii.  y  analysis  revealed  a  low  quality  of  the  airspeed  measurements,  Al  Ol)  decided 
to  use  reconstructed  speed  data  for  the  identification.  A  key  .step  in  Ihe  Al'DD  frequency-domain 
identification  approach  is  the  extraction  of  high-quality  frequency  rc5)H>nscs  between  each 
input/oulpul  pair.  AI  IJI)  experience  has  shown  that  flight  tc.st  data  obtained  from  frequency  sweep 
control  inputs  arc  better  suited  for  this  approach  than  multi-step  inputs  Consequently,  it  was  con¬ 
centrated  on  the  evaluation  of  the  BO  105  flight  lest  data  obtained  from  frequency  sweep  inputs. 
These  manoeuvres  could  not  be  flown  using  only  a  single  control  but  some  activity  in  the  other 
controls  was  required  to  keep  Ihe  aircraft  response  within  small  perturbation  assumptions.  I  hcrcforc, 
conditioned  frequency  responses  were  determined.  Making  u.sc  of  the  redundant  flight  tests,  Ihe  fre¬ 
quency-sweep  manoeuvres  were  concatenated  to  increase  the  reliability  of  the  frequeney  responses 
i  hen,  the  unknown  model  par.arnctcrs  of  a  linear  six  degrees  of  freedom  .'late  space  model  and  the 
cquiv.alenl  lime  delays  were  identified  by  minimising  the  weighted  Icasl-Squares  error  between 
measured  and  model  frequency  responses,  'fhe  weighting  was  ba.sed  on  the  values  of  the  associated 
coherences  at  each  frequency  point. 

A  total  of  26  frequency  responses,  with  19  frequencies  in  each,  were  matched  in  the  identification 
process  (  fable  6  2.7)  Ihe  frequency  range  of  fit  was  selected  individually  for  each  response  corre- 
•spondhig  to  its  range  of  good  partial  coherence.  However,  the  upper  frequency  was  limited  to  a 
maximum  of  13  lad/s  .since  a  6  IXiF  model  is  not  capable  of  matching  Icid/lag  and  body/roior 
flapping  dynamics  Without  this  restriction,  physically  meaningless  derivatives  can  be  obtained,  A 
detailed  model  structure  analysis  was  conducted  based  on  parameter  insensitivities,  Cramer- Rao 
bounds,  and  cost  function  changes,  i  he  final  model  included  51  identified  parameters  (47  derivatives 
and  4  equivalent  lime  delays). 

•  Glugoir  Cnlverslly 

vll.ssgow  University  applied  a  frequency-domain  identification  technique,  where  the  time-domain 
slate  .space  model  and  the  measurement  equations 

i(f)  =  A  x(0  -t-  B  u(t) 
y(f)  =  C  x(f)  -f  0  u(f) 

arc  truisferrcd  to  the  frequency-domain  fonnat 

I  a<  •  xfw)  A  x(a/)  -f  B  u(t</) 
y(a/)  =  C  *(«/)  +  D 

where  *(w),  u(aj),  and  y(a/)  arc  the  Fourier  transformed  variables.  The  control  vector  u(u>}  and  tlie 
matrices  B  and  D  were  modified  to  compensate  for  non-periodic  states  (I'u  ct  al ,  1983,  f6.2.5]). 

'nic  unknown  parameters  in  the  matrices  A.  B.  C,  and  0  are  then  estimated  in  the  frequency  domain, 
using  a  Maximum  I  ikelihood  criterion-  For  the  130  105  identificalion,  the  DUR  suggested  file.>  with 
modified  3211  conlnil  inj'Uls  were  used  as  concalenatctl  manoeuvres.  The  measurement  vector 
included  the  Fourier  iransforms  of  1 1  measured  variables,  linear  accelerations,  speed  components, 
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rales,  and  attitude  and  roll  ang'es.  30  derivaiives  and  4  equivalent  lime  delays  were  identified.  (In 
frcqucncy*domaiji  approaches  it  is  not  necessary  to  c.stimate  bias  terms). 

6.2.4.2  Idcniineatlon  results 

In  this  section,  BO  105  identification  results  provided  by  the  Working  (Jroop  Members  arc  presented  and 
discussed  in  detail,  l  ablcs  of  the  derivatives  and  eigenvalues  of  the  identified  models  arc  given  and  represent¬ 
ative  plots  of  time  histories  and  frequency  responses  are  presented  for  the  comparison  of  measured  data  and 
model  responses. 

Table  6.''. 8  to  Table  6  2.11  list  the  derivative  values  identified  in  the  Working  Ciroup  by  ATOD,  (iliR'T, 
DI  R,  Glasgow  University,  NAT,  and  NI.R.  Trom  the  tables  the  detailed  model  structures  can  also  be  seen 
In  addition  to  the  stability  and  control  derivatives  the  associated  standard  deviations  arc  given.  These  arc  the 
values  provided  by  the  identification  techniques  (Gramcr-Rao  lower  bounds)  Ihcy  represent  the  thenrelically 
lowest  achievable  standard  deviation  It  is  well  known  that  for  practical  use  these  values  arc  usually  too  small 
I  herefore  it  is  often  recommended  to  multiply  them  by  a  factor  of  5  to  10  to  make  the  standard  deviations 
physically  more  realistic  Depending  on  the  identification  approach,  the  standard  deviations  were  defined 
slightly  differently.  'Ihcrcforc  this  information  is  not  intended  for  compari.sons  between  the  results  from  dif¬ 
ferent  Members  but  more  as  a  Itelp  to  relate  the  significance  of  paramelCTS  within  one  set  of  results  to  each 
other- 

'Ihcn:  arc  quite  large  differences  between  the  identification  results,  liven  for  significant  parameters,  like  the 
diagonal  terms  of  the  slate  matria,  V'hich  are  related  to  .syslent  damping,  some  major  differences  are  seen. 
is  between  -0  05/s  and  -0  06/s  for  lime-domain  rc-sulls,  but  —0  03/s  to  —0  04/s  for  the  frequency-domain 
methods  I  -arger  values  in  the  Al'DD  and  NAP.  results  reftecl  the  lateral  speed  measurement  problem.  Ihcsc 
two  Working  Group  Members  used  reconstructed  data  instead  of  the  ineasuremcnis.  In  the  data  consistency 
analysis,  a  scale  factor  of  about  0.7  was  determined  between  the  reconstructed  and  measured  lateral  speed, 
(ionsequcnily,  this  factor  is  also  seen  in  the  identified  Vy.  The  heave  damping  shows  reasonable  agreement 

Ihc  identification  of  the  pitch  and  roll  damping  tp  and  is  a  major  problem  for  the  BO  105.  The  obtained 
values  highly  depend  on 

•  the  equivalent  lime  delays. 

•  the  bandwidth  of  the  (light  test  data,  and 

•  the  high  conelalion  with  Ihc  control  derivatives. 

Ihese  dependencies  have  different  influences  in  the  individual  estimation  techniques,  which  explains  the  large 
variations  within  the  Working  Group  results.  'The  yaw  damping  W,  is  in  reasonable  agreement  Trom  the  main 
(on-axis)  con'rol  derivatives.  and  agree  fairly  well.  In  the  roll  and  pitch  moment  control  derivatives 
L^iii  ^iion  larger  differences  arc  c-aused  by  the  high  correlation  of  these  terms  w  ith  and  M  and  the 
associated  problems  as  discussed  above.  Ihe  coupled  off-axis  derivatives  are  not  discus-icd  ui  detail  It  is  seen 
that  there  arc  also  some  large  differences  However,  it  should  be  noted  that  several  of  these  Icniis  also  show 
larger  standard  deviations  indicating  less  parameter  significance. 

'Hie  equivalent  time  delays  used  for  the  controls  arc  listed  in  Table  6  2.12  These  time  delays  approximate  the 
effects  of  rotor  and  hydraulic  dynamics  How  important  it  is  to  include  accurate  equivalent  time  delays  in  six 
degrees  of  freedom  models  is  demonstrated  by  Tigure  6.2.7.  l-or  two  major  denvatives,  Ihe  roll  damping  Lp 
and  the  roll  control  derivative  due  to  lateral  stick  L^|„.  the  figure  shows  Ihc  high  sensitivity  of  the  idenlificalion 
results  to  time  delays.  It  is  obvious  that  special  care  must  be  taken  to  accurately  determine  equivalent  time 
delay  values.  In  the  Working  Ciroup  DTR  extracted  lime  delays  by  a  cross-correlation  of  the  acceleration 
responses  from  the  measurements  and  the  model  response.  Ihc  obtained  values  were  also  used  by  NI.R  and 
NaIs.  The  frequency-domain  method  used  by  AFDD  and  University  of  Glasgow  allow  the  direct  estimation 
of  equivalent  lime  delays  together  with  the  unknown  derivaiives 

'The  eigenvalues  of  the  identified  models  arc  given  in  Table  6  2.13.  A  compari'on  show.t  that  the  phugoid  and 
dutch  roll  modes  are  Ln  good  agyceincnt  with  slightly  higher  damping  in  the  ATDD  model.  'Ihe  increa.sed 
Dutch  roll  damping  for  the  AFDD  results  is  consistent  with  the  differences  in  the  frequency  response  results 
for  the  sweep  compared  to  the  .321 1  inputs  (ace  section  5  2.3).  Tl'-c  values  for  the  lower  frequency  aperiodic 
pitch  mode  agree  salisfactorilv,  and  all  Working  Group  Members  identified  the  spiral  mode  to  be  close  to  the 
origin  Major  differences,  however,  are  seen  in  Ike  roU  and  higher  frequency  pitch  modes  Ihcy  reflect  the  dif¬ 
ferent  values  of  the  roll  and  pilch  damping  derivaiives. 

The  comparison  of  the  derivative  and  eigenvalue  results  shows  that  the  values  obtained  by  ATDD,  DTR,  and 
NAB  (and  probably  Univerjily  of  Glasgow)  are  relatively  close  to  each  other. 
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As  rcprcscnlalivc  example  I'igure  6.2. R  through  Pigurc  6  2.12  show  a  full  set  of  lime-history  plots  for  the 
comparison  of  flight  lest  measurements  and  the  response  of  the  OLR  identified  model  for  all  four  data  mns 
used  for  the  identification.  It  demonstrates  that  a  good  agreement  was  obtained  for  all  variahlcs  I'rom  the  time 
histories  provided  by  CF.RT,  University  of  Cilasgow,  and  NAF,  the  pitch  and  roll  rale  responses  for  the  flight 
tests  with  longitudinal  or  latc'al  stick  control  inputs  arc  presented  in  Figure  6.2  1.1  and  Figure  6.2.14.  Some 
representative  results  obtained  fmm  the  AF-DD  frequency -domain  method  arc  given  in  the  format  of  frequency 
icsponsc  fits  in  Figure  6.2.15  and  figure  6.2.16. 

6.2.5  Verification  of  the  Identiflcd  Models 

'Fhc  verification  of  the  identified  models  is  a  key  step  in  the  idcntiTication  process  that  assesses  the  predictive 
quality  of  the  extracted  model  Might  data  not  used  in  the  identification  arc  selected  to  ensure  that  the  model 
is  not  tuned  to  specific  data  records  or  input  forms.  In  the  Working  (Jroup,  identification  results  were  generated 
from  flight  tests  with  mullislep  3211  or  frequency-sweep  control  inputs  I  hcreforc,  doublet  inputs  for  each 
control  were  used  for  model  verification  and  comparison. 

All  Members  applied  a  very  "'milar  approach  to  calculate  the  responses  of  the  identified  models:  All  model 
coeflicients  were  fixed  and  only  biases  were  estimated  to  account  for  control  and  measurement  offsets  In  all 
cases,  the  model  was  only  driven  with  the  measured  control  variahlcs  and  no  pseudo  controls  were  used.  As 
ni,R  and  NAF  worked  with  a  nonimear  model  in  the  identification,  the  same  model  was  also  used  for  the 
verification  (nonlinear  terms  were  calculated  from  model  states). 

(’orrespoiiding  to  the  presentation  of  time-history  fits  in  the  previous  section  on  identification  results. 
Figure  6  2  IV  thruugli  Figure  6  2.21  compare  the  time  history  response  predictions  of  the  Pl.R  identified 
model  for  all  observation  variables  and  for  all  four  doublet  control  inputs  From  the  verification  results  pro¬ 
vided  by  AFDU,  CF.R1 ,  Glasgow  Univci.sily,  NAF,,  and  NI.R  the  pitch  ami  roll  rate  responses  due  to  longi¬ 
tudinal  and  lateral  stick  inputs  are  given  in  Ihguie  6.2.22  thiough  Ingute  6.2.24  (for  compU  'cncss,  the  DI,R 
result  is  repealed  in  the  same  formal).  From  the  complete  set  of  re.sulls  in  Figure  6.2.17  through  Figure  6.2.21 
it  is  seen  that  the  predictive  capability  of  the  identified  model  is  very  good  in  both  the  on-  ajid  off-axis  response, 
especially  considering  the  dynan'icaUy-"nsti>hle  and  hljhly-coupled  nature  of  the  BO  105.  I  he  diffeienccs  seen 
in  the  speed  data,  and  here  in  particular  in  the  latci  J  speed,  are  due  to  measurement  ptohlrms  Altliuugli  llicre 
are  also  some  smaller  differences  in  the  other  variables,  the  overall  agreement  is  very  satisfactory  . 

A  first  comparison  of  the  verification  plots  in  Figure  6.2.22  through  F'igtirc  6.2.24  demonstrates  that  basically 
all  model  responses  match  the  measured  data  fairly  well.  Ihe  lower  frequency  modes  (phugoid  and  pitch)  arc 
in  good  agreement  for  all  models  A  closer  comparison  reveals  some  larger  differences  for  the  time  history 
sections  where  the  doublet  control  inputs  were  given.  .Some  models  arc  more  damped  or  the  coupling  between 
Ihe  pitch  and  roll  motion  is  less  accurate.  The  fact,  however,  that  none  of  the  models  can  fully  reach  the 
maximum  peak  amplitudes  of  Ihe  rates  demonstrates  that  six  degrees  of  freedom  models  cannot  dcscrihc  this 
higher  frequency  range  completely  It  is  obvious  that  a  further  improvement  of  the  model  prediction  can  only 
be  reached  when  the  model  order  is  extended  by  additional  degrees  of  freedom,  like  rotor  or  inflow  dynamics. 

6.2.6  Discusion  of  Results 

In  the  list  of  derivatives  (  Fable  6  2.8  to  Fable  6.2.11)  and  eigenvalues  (  fable  6  2.13)  it  was  seen  that  the 
identified  values  varied  significantly.  A  decision  for  the  more  suitable  model  can  only  be  made  on  the  basis  of 
a  comparison  between  the  model  responses  and  the  flight  test  data  for  both,  the  identification  and  the  verifi¬ 
cation  plots.  Therefore,  a  more  detailed  evaluation  was  conducted  It  also  included  all  frequency-response  and 
time-history  fits,  which,  for  space  reasons,  cannot  all  be  given  within  this  Report.  It  was  concluded  that  the 
models  obtained  by  AFDD,  Dl,R.  NAE,  and.  with  some  more  deviations,  the  model  from  the  Uni'.crsity  of 
Glasgow  showed  the  more  satisfactory  overall  agreement  with  the  measurements. 

’  The  importance  of  accurate  equivident  fuiic  delays  has  already  been  addressed,  llte  identified  values  provided 

;  by  AFDD  and  DLR  (lable  6.2.12)  are  in  good  agreement,  except  for  the  value  for  the  collective  control, 

1  where  larger  differences  are  seen.  The  DLR  lime-domain  approach  for  extracting  time  delays  is  based  on 

t  evaluating  the  cross-correlation  of  the  on-axis  (linear  or  angular)  accelerations.  The  frequency-domain  method 

■  scanrhes  for  a  lime  delay  in  conjunction  with  the  other  model  parameters  that  will  produce  the  best  match  of 

i  all  of  the  responses.  The  use  of  a  single  time  delay  for  each  input  imposes  the  assumption  that  all  input/output 

j  response  pairs  have  the  same  high-liequency  zeros,  and  thus  the  same  high-frequency  phase  shiA.  'ITiis  corre- 

I  sponds  to  modelling  the  lotor  response  as  an  actuator.  When  this  assumption  is  valid,  the  two  meth  Is  should 

;  produce  essentially  the  same  time  delays,  as  they  do  for  the  lateral,  longitudinal,  and  pedal  inputs.  However, 

I  this  assumption  is  not  acceptable  for  the  collective  inputs.  Further  frequency -domain  analyses  indicated  an 
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cflcctivc  time  delay  of  al>oul  93  ms  for  linear  responses  (ti,  w,  a^)  to  collective,  but  a  niuch  larger  cITcctivc  lime 
delay  of  about  255  ms  for  angular  responses  (p,  q).  1110  lime  domain  method  reflects  the  vertical  acceleration 
delay,  'jvhile  the  frcqucncy*dcmajn  result  reflects  an  average  delay.  In  conclusion,  it  can  be  stated  that  for  the 
collective  control  a  single  time  delay  value  is  only  a  poor  compromise  in  charactcrb.ing  all  of  the  rc.si>onscs. 
However,  a  better  approach  either  requires  the  use  of  different  time  delays  for  each  control  and  each  rcspr>nsc 
axis  or  a  higlier-order  dynamic  model  is  needed. 

As  a  further  help  for  the  evaluations  of  the.  results,  three  additional  sets  of  identified  dcrivitivcs  were  considered. 
I'hcy  w-crc  not  produced  within  the  Working  (Iroup  hut  they  were  obtained  from  the  same  BO  105  data  base, 
llicse  models  were  extracted  by  Ol.R  (frcqucncy^domain  technique,  .similar  to  the  Univcfsily  o!  (ilasgow 
approach;  Vu  el  al,  1983,  [6.2. 5J),  by  Sianford  tlniversity.  HSA  (a  newly  developed  iilcntification  algorithm 
based  on  smoothing;  Idan.  1990,  [6.2.6]).  and  by  lechnische  lloi  hschulc  nannstndt.  (icrmany  (equation  error 
technique;  (icrlach.  1991.  [6  2.2]).  Both,  the  DI  R  frequency-domain  results  and  the  results  from  Stanfiird 
iJnivcrsity  arc  in  g<iod  agreement  with  the  A!4>D.  DLR,  and  NAf^  identified  dciiv.ativis  and  eigenvalues  and 
confinn  the  reliability  of  the  models.  All  these  results  have  in  common,  lhat  they  were  obtained  by  quite 
complex  identification  methods  altbougli  the  individual  approaches  arc  very  different  Another  link  between 
Al  DD,  DI  R,  and  NAIi  is  their  high  involvement  in  rotorcrafl  system  identification  since  a  long  time-  It  is 
well  known  and  accepted  that  system  identification  alill  is  a  icUtivcly  diflicoll  task  and  lhat  a  successful  uppli 
cation  requires  the  analyst's  skill  and  experience.  I  he  previously  gained  experience  in  these  oiganisalioos  has 
also  certainly  been  helpful  for  the  BO  105  identification. 

I  he  le.sults  from  the  fcchnischc  Ilochschulc  Darmstadt  arc  in  a  very  good  agreement  with  the  Nl  R  identified 
values  Both  approaches  are  based  on  less  complicated  equation  error  techniques.  In  cotnparison  with  the  more 
complex  iterative  methods  such  techniques  are  computationally  very  efficient  witli  respect  to  computing  time 
and  storage  rcquircmci'ts  from  the  obtained  results  it  can  be  stated  that  equation  error  methods  arc  appro¬ 
priate  for  the  rotorcrafl  identification  when  models  of  lower  accuracy  can  be  accepted  Siich  models  rue  cer¬ 
tainly  useful  for  various  applications,  which  may  not  luslify  the  significantly  higher  cffmis  and  ci>sis  for  the 
extraction  of  more  accurate  models  by  more  sophisticated  methods. 

‘lo  give  an  iiVipicssion  of  what  system  ideattfjeation  can  do  in  comparison  H>  a  c<unputa!ional  simulation,  the 
measured  3211  control  inputs  for  the  longitudinal  and  lateral  slick  w'ere  used  in  the  I')!  R  simulation  program 
(von  Ciriinhagcn,  1988,  [6.2.8]).  The  obtained  rate  responses  arc  compared  to  the  measured  tinie  his¬ 
tories  in  Figure  6.2.25  In  the  figure,  the  same  data  section  is  ^ven  for  the  comparison  of  the  identified  (DFR) 
model  response  and  the  measurements. 


I 
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6.2.7  Conclusions 

no  H15  flighl  lest  dat.i  specifically  gcnctatcd  foi  system  identification  purp.>ses  were  provided  to  the  Working 
Ciroop.  I'light  lest  trim  condition  was  horironlal  fliglit  at  80  knots  forward  speed 

Results  obtained  froitt  data  consistency  analysis,  identification,  and  verification  were  provided  by  Al'Dl), 
C'liR  I ,  ni  R.  University  of  Glasgow,  NAI'.  and  UI.R  The  identification  approaches  'ncludcd  frequency-  and 
time-domain  techniques  with  identification  criteria  ranging  from  Icast-Squarcs  equation  error  to  Masimum 
I  ikolihooJ  output  error  Oata  consistency  results  proved  that  the  incasurcrnent  quality  was  appropriate  for 
system  identification  Typical  for  all  aircraft  and  particularly  for  helico(>tcrs.  some  inconsistencies  were  seen  in 
the  speed  data,  'nicrcfore,  some  Members  decided  to  work  with  reconstructed  spr’cd  data  instead  of  the  meas¬ 
urements 

Sik  degrees-of-fteedom  derivative  models  were  identified.  The  comparison  of  the  obtained  identification  results 
showed  quite  large  differences  in  both,  the  identified  derivatives  and  the  eigenvalues.  ITus  is  also  tnic  for  sig¬ 
nificant  derivatives  like  the  diagonal  terms  in  the  stale  matrix  associated  to  system  damping  A  more  detailed 
evaluation  of  all  identification  and  verification  results  showed  that  the  more  complex  identification  methods, 
like  Maximum  Likelihood  and  I  requcncy- Response  Matching  Techniques,  gave  similar  results  and  provided 
a  good  time  history  agreement  with  the  measurements.  Still  remaining  deficiencies  were  seen  for  the  higher 
frequency  dynanaics  !Iere,  it  is  evident,  that  six-degtees-of-freedom  models  are  well  .suited  for  the  lower  and 
mid-fiequency  range  where  rotor  dynamics  can  be  approximated  by  equivalent  lime  delays.  For  the  higher 
frequency  range,  however,  the  helicopter  models  must  be  extended  by  rotor  degrees  of  freedom  For  applica¬ 
tions  that  need  a  suitable  overall  system  cliaractcrt7.ation  but  do  not  require  higher  accuracies,  less  complex  but 
compututionally  more  efficient  identification  methods,  like  equation  error  techniques,  an  applicable  and  useful. 
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In  conclusion,  it  can  be  siated  that  the  HO  105  idcntificatiun  results  demonstrate  that  system  identification  is 
a  potential  tool  for  extracting  reliable  helicopter  models  from  (light  lest  data.  Depending  on  the  applied  eval¬ 
uation  techniques,  different  accuracy  levels  for  the  results  aie  reached.  Therefore,  it  is  advisable  to  establish  a 
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close  contact  between  the  analyst  and  the  user  of  the  results  l)cfore  system  identincation  is  conducted.  I'hcii, 
a  reasonable  compromise  can  be  dcTtncd  between  the  user's  aj^lication  oriented  model  accuracy  needs  and  the 
cfToris  and  costs  of  the  idcntiTication  analysis. 
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Overall  dimensions 

Tall  rotor 

Overall  Lengih  1184  m 

Main  rotor 

Diameter 

1.9  i.i 

Fuselaga  Lengih  8  45  m 

Olameler  9  824  m 

Blades 

2 

Overall  Height  3.03  m 

Blades  4 

Chord 

0  179  m 

Chord  0.27  m 

Profile 

NACA  0012 

Profile  NACA  23012 

Solidity 

0  12 

Blade  Area  5  31  m* 

Twist 

0.0' 

Mass  and  moments  of  Inertia 

Solidity  fThryot)  007 

Tip  Sweep  0" 

MorlzonUil  sUblllzttr 

Mass  2200  kg 

Twist  —62” 

Sp"n 

20m 

1433  kg  in^ 

Shaft  Angle  —1.0'’ 

Cliord 

0  4  m 

L  4973  kg  m’ 

Area 

0.8  m’ 

Profile 

NACA  0010/C020 

Ij  4099  kg  m 

t,,  660  kg 

Incidence 

O' 

Table  6.2.1.  List  of  physical  characteristics  of  the  BO  10? 
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Table  6.2J.  List  of  runs  (BO  105) 
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(Jfoup 

Variables 

Quantity 

Source 

Original 

Sampling 

Rate 

(m  Il7.) 

s 

1 

g 

c 

o 

u 

Ton^ard/Aft  Cyclic 

Polcntiomclci 

SO 

1  .aleral  Cyclic 

Polcntiomctcr 

50 

Pedal 

Potentiometer 

50 

(  olleciive 

Potentiometer 

SO 

T«bte  6.2.3.  BO  105  Controi  Variables 

(iroup 

Variables 

Quantii/ 

Source 

Original 
S.'mpling 
Rate 
(in  liz) 

^•3 

1  csngitudtnai  airspeed 

HADS 

50 

1  aieral  airspeed 

HADS 

50 

Normal  airspeed 

HADS 

50 

aft 

C 

o 

!3  1 

i  (S 
-  .i 

longitudinal  acceleration 

Accc'crcinctcr  at  CiG 

300 

lateral  acceleration 

Accelerometer  at  CCJ 

300 

NomiaJ  acceleration 

AcccIcromctcr  at  (Xj 

.300 

Roll  angle 

Vertical  g>ro 

50 

Pitch  angle 

Vertical  gyro 

50 

lU\ 

<9=:  5 

^’aw  angle 

l>ircctionaJ  gy  ro 

50 

IS 

S'  e 

Roll  rate 

Kale  gyro 

100 

I’ilch  rate 

Rale  gyro 

100 

Yaw  rate 

Kate  gyro 

100 

Rotor 

RPM 

Tachometer 

50 

Table  6.2.4.  BO  IQS  Response  Variables 

Data  provided  et  a  uniferm  sampling  rate  of  100  Hz 
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1  l&cmim  factor  for 

AFOO 

DLR 

OUR 

NLR 

Symbol 

Unit 

Value 

a 

Value 

o 

Value 

o 

lill 

o 

u 

— 

0VfS56 

0  02TJ 

0  9SS6 

0  9244 

00027t 

... 

V 

0  7043 

0  0574 

06723 

0  6932 

0  0082t 

... 

w 

mm 

OS?,* **-! 

0  0378 

09521 

00913 

0  9383 

0.0039 1 

... 

mm 

1  0199 

0  0126 

1  0144 

00177 

0.0005T 

... 

IBH 

e 

1  0290 

0  0352 

1  0364 

002&1 

1  0351 

0.0004t 

... 

mm 

- 

- 

1  0202 

01371 

1  0392 

oooist 

... 

BSB 

*  From  all  fii«8 

“  From  4  conca(er>alAd  files  proposed  lor  ider^ification 
'•*  From  4  ftlei  propceod  for  Identification 
T  Cramer  Rao  lower  bound 

o  *  Starnfard  deviation 

Table  6.2.$.  BO  10$  Data  consisiency  analysis:  Mean  values  of  identified  scale  factors 


1  Bias  (or 

AFDD 

DUR 

DLR 

NLR  1 

Symbol 

Unit 

Value 

o 

Value 

a 

Value 

• 

<7 

Value 

a 

*x 

m/a^ 

B 

0.0571 

0.1130 

0,0194 

0.00271 

0.0243 

000281 

*y 

m/s^ 

... 

B 

004.13 

0  1096 

00157 

0.0047 1 

0  0016 

0,00291 

... 

... 

0.0007 

0  0458 

0,04  9  3 

0  00231 

00145 

0.0023t 

P 

fad/« 

-0  0015 

00002 

410015 

0.0005 

-0  0013 

0  00021 

4)0015 

0.0001 1 

0 

r8dr« 

4)0017 

0  0002 

4)0016 

0.0005 

-0  0014 

0.0001 1 

r 

ra<j/a 

- 

... 

-0  0005 

0.0019 

4)0002 

000041 

-0.0011 

0.00011  1 

*  From  ail  files 

**  From  4  concatenated  files  proposed  for  identification 
**'  From  4  files  proposed  for  identification 
t  Cramer  Rao  lower  bound 

a  n  Slar>dard  deviation 

Table  6.2.6.  BO  105  Dala  Consistency  Analysis:  Mean  values  of  kjentified  biases 
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input  signal 


Figure  6.2,3.  Pilot's  display  for  input  signal  generation  (BO  10.5) 
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Figure  6.2.4.  Representative  BO  105  (light  test  data;  control  Input  types  and  rate  responses 
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Figure  6.2.6.  Comparison  of  measured  and 
reconstrucleiJ  BO  lOS  speed 
data  with  sca3e  factor 
corrections 
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Figure  6.2.5.  Comparison  of  measured  and 
reconstructed  BO  105  data 
without  scale  factor  corrections 


Figure  6.2.7.  Influence  of  equivalent 
time  delays  on  BO  105 
identirication  results 
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6.2.1 1.  Comsarison  of  30  105  flight  data  and  respon.w  of  the  idep!ified  mod»l  for  rj;p,ulap  rates  (DLR  result) 
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Figure  6.2.18.  VeriffcatioD  of  the  identified  model  (linear  accelerations,  DLiS  result) 


■at  stick  i  I  pedal  I  collective 


-  flight  - identified  model 

6220.  Verifiaition  of  the  ideotif'ed  model  (uigular  rates,  DLR  result:) 
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Figure  6.2.22.  Verification  of  the  identified  BO  IDS  models  (AFDD  and  CERT  results) 
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Figure  6.2.24.  Veriricatiun  of  the  idenuFied  frO  lOS  mtidels  (NAE  and  NLR  re.^ults) 
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6.3  Case  Study  III:  SA-330  PUMA'^) 


6.3.  t  Inlroduclion 

'[■he  Royal  Aerospace  listablishmtnt  provided  flight  test  data  from  the  Research  SA*.330  (Puma)  to  A(?AR0 
WG'lh  17113  chapter  describes  the  aircraft  and  the  p.ssociaied  test  database.  I  hc  results  of  data  consistency 
analysis,  parameter  identification  and  verification  analysis  are  presented.  A  detailed  kinematic  consistency  study 
conducted  by  RAH  is  included,  followed  by  derivative  identification  conducted  by  six  of  the  AC/ARD  partic¬ 
ipating  organisations.  Ilie  discussion  of  results  19  approached  from  a  modal  perspective;  each  of  tlic  six  degree 
of  freedom  inodes  and  their  approximations  is  examined  in  turn,  the  major  contributing  dcrivalivcs  highlighted 
and  the  comparisons  between  methods  discussed.  Rased  on  this  analysis,  some  conclusions  are  drawn  that 
reflect  on  the  corifidcncc  in  and  maturity  of  system  identification  methods  in  helicopter  fliglit  mechanics. 

6.3.2  Helicopter  and  Inslrumcntatiun 

'\l\c  SA-330  Puma  is  a  twin  engine,  medium  support  helicopter  in  the  six  tonnes  category,  in  service  with  a 
number  of  armed  forces  including  the  Royal  Air  F'Ofce  to  support  battlefield  operations. 

Hie  RAI’^  Research  SA-330  Puma  XW  241  (Pigure  6.3.1)  is  one  of  the  cady  development  aircraft  acquired 
by  RAti  in  1974  and  extensively  instrumented  for  flight  dynamics  and  rotor  aerodynamics  rescar^'h.  With  its 
original  analogue  data  acquisition  system,  the  SA-330  provided  direct  support  during  the  1970s  to  the  devel¬ 
opment  of  new  rotor  aerofoils  through  the  measurement  of  surface  pressures  on  modified  blade  p’^ofilcs-  In  the 
early  1980s  a  digital  PCM  system  was  installed  in  the  aircraft  and  a  research  programme  to  support  simulation 
model  validation  and  handling  qualities  was  initialed.  Over  the  period  between  1981-1987,  more  than  100  hours 
of  flight  testing  was  carried  out  to  gather  basic  flight  mechanics  data  throughout  the  flight  envelope  of  the  air¬ 
craft. 

A  three-  view  drawing  of  the  aircraft  in  its  expcrimcntril  configuration  is  shown  in  f  igure  6..3.2.  I  he  aircraft  has 
a  four-nietal-bladed  articulated  main  rotor  (modified  NACA  0012  section,  .3.8  %  flapping  hinge  offset).  Basic 
physical  characteristics  of  the  aircraft  are  provided  in  Table  6.3.1. 

Puli  details  of  the  manoeuvres  flown  and  measurements  recorded  on  Ihc  SA'330  and  provided  to  WO- 18  arc 
uiciuucd  in  Ciiaptcr  4  of  this  Report,  table  6  .i.2  summarises  all  data  files  provided,  llic  flight  tests  from  the 
80  kn  trim  condition  were  eventually  selected  as  the  set  for  primary  analysis,  comprising  3211  inputs  on  all 
controls. 

All  control  inputs  were  applied  by  (he  pilot  through  the  cockpit  controls,  u.sing  a  conlrol.s  fixture  to  guide  ihc 
inputs  Manoeuvre  times  arc  typically  20  s  to  30  s  and  (he  recovery  was  initiated  at  the  lest  pilot  s  discrclion 
or  when  the  manoeuvre  amplitude  had  either  grown  too  large  or  subsided  to  very  small  amplitude.  Control 
input  amplitudes  arc  typically  less  than  5  %  of  full  range. 

I  hc  measurements  recommended  for  use  by  W(5-18  are  listed  in  Table  6.3  3  and  fable  6.3.4  and  were  pro¬ 
vided  to  the  W^orkiiig  (Jroup  in  unprocessed  Imperial  engineering  units.  No  pre-distribution  corrections  were 
..ladc  to  reference  accelerations  or  nosc-b  'Oin  vane  measurements  to  the  centre  of  mass.  It  should  be  noted  that 
all  kinematic  measurements  arc  poriiivc  in  the  usual  'left  hand'  reference  frame  sense,  except  the  normal 
acceleration  which  is  positive  up  Many  of  the  measurements  were  sampled  at  128  Hz  and  256  Hz  but  a  reduced 
rale  cf  64  Hz  was  provided  to  (he  Working  (iroup.  All  channels  were  passed  through  anti-alia.sing  filters  at 
72  Hz  before  digitising;  in.  addition,  the  agility  pack  data  were  further  filtered  by  a  2  pole  Buiierworlh  at 
10  6  Hz  The  measurements  were  recorded  in  digital  PCM  (12  bit  numbers,  4096  counts)  form  on  magnetic 
tape  on  the  aircraft.  No  dc- skewing  techniques  were  adopted,  resulting  in  a  maximum  data  skew  of  about 
16  ms. 

6.3.3  Might  I'cAt  Data  Fvalualion 
6.3.3. 1  Ccneral  oiHisidcrations 

As  noted  in  the  previous  section,  the  SA-330  datasets  provided  to  WG*18  members  had  received  very  limited 
preprocessing,  amounting  to  decimation  down  to  64  samples/s  and  conversion  lo  lmp<irial  engineering  units 
Ihc  relevant  measurements  from  the  80  kn  flight  tests  arc  reproduced  in  Figure  6. 3. 3  through  f  igure  6. .3. 6 

pr:nc>p!il  Au'.hun;  O.  1).  Padficld.  RAH;  D.  J  Muffiy-Smiih,  Un:\'erfUy  of  Gtugow 
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■|7ic  response  range  plotted  in  these  figures  is  25  s;  in  some  eases  the  response  contmucs  beyond  this,  in  others 
recovery  is  initiated  within  this  range  (see  the  collective  i^-input  in  figure  6  3.5).  Prior  to  model  structure  and 
parameter  identification  it  is  important  to  establish  the  consistency  of  the  kinematic  measurements  used  and, 
for  some  identification  "letliods,  to  determine  the  properties  of  any  process  or  measurement  noise  present  in 
the  data  In  addition,  referencing  the  measurements  to  the  centre  of  mass  to  accord  with  the  reference  frame 
of  the  dynamic  equations,  is  required  llic  slate  estimation  procedures  applied  fonn  pint  of  the  system  iden¬ 
tification  methodology  and  different  organisations  approached  this  task  in  different  ways.  Ibe  following  section 
addresses  the  RAli  approach  but  some  general  observations  on  the  raw  data  in  figure  6.3. .3  througli 
Figure  6.3.6  are  worth  making  at  this  stage: 

I.  Ixingitudinal  cyclic  manoeuvres  (Figure  b.3.3) 

Ikie  initial  response  perturbations  are  all  within  the  lineai  range';  however,  dining  the  free  response  phase, 
excursions  in  pitch  and  roll  altitude  rise  above  C.3  and  0  4  rads  respectively  The  angular  rates  and  inci 
dence  angles  remain  small  however.  Roll  and  yaw  excursions  during  the  forward  cyclic  manoeuvre  arc 
of  the  same  order  as  the  pilch  excursions  and  considerably  larger  than  for  the  aff  cyclic  manoeuvre.  1  he 
signal  to  noise  ratios  on  the  x  and  y  accelerations  arc  very  low  and  of  the  order  unity,  with  a  .significant 
component  of  noise  at  higher  frequency  (actually  4/rev)  than  the  ficquericy  of  the  test  manoeuvre.  Fhe 
nonnal  acceleration  channel  is  positive  in  the  unconventional  sense  as  noted  but  the  incidence  vane  also 
appears  to  have  an  inverted  scale  factor,  the  excursions  being  elcaily  in  the  opposite  sense  to  the  pilch 
attitude  While  the  short  period  pilch  mode  appears  to  be  adequately  excited,  barely  one  period  of  the 
'phugoid'  is  contained  in  the  manoeuvre.  I  hc  initial  conditions  for  incidence  and  pilch  appear  inconsistent 
with  steady  level  flight. 

2  lateral  cyclic  manoeuvres  (Figure  6.3  4) 

Ikuoughoul  both  manoeuvres,  response  |>eiturbalion5  appear  to  be  within  the  linear  range'.  IF.e  Dutch 
roll  mode  is  dominant  in  the  free  response  with  roll,'yaw/piich  ratio  of  the  order  1/ 1/0.5  The  velocity 
measurement  is  .supplied  in  uncalibraled  form  for  ihc  left  cyclic  manoeuvre  (flown  on  a  different  occasion 
to  the  right  cyclic  manoeuvre). 

3.  (iolicclive  manoeuvres  (Figure  6  3  5) 

All  re.sponse  perturbations  lie  within  Ihc  linear  range  for  both  manoeuvres;  in  particular,  velocity  excur¬ 
sions  are  very  small  (5  kn).  Recovery  action  in  the  roll  axis  occurs  within  the  25s  manoeuvre  range. 

4.  Pedal  manoeuvres  (Figure  6.3.6) 

'Ihe  dominant  mode  cf  response  is  the  lateral, 'directional  Dutch  ioll  with  uiodeiaie  excuisiuiis  iu  sideslip 
(((.2  rad),  lateral  aeccit ration  (0  1  g)  and  roll/yaw  rate  (0  25  rad/s)  Hie  phugoid  mode  appears  to  have 
been  more  strongly  excited  in  the  right  manoeuvre  resulting  in  greater  .speed  and  pilch  angle  excursions. 

From  these  Initial  and  tentative  observations  it  is  clear  that  some  data  inconsistencies  ai-d  noise-related  features 
arc  present  that  state  estimation  can  poiemially  shed  light  on- 

6.3.3.2  RAK  Bedford  Analysis 

In  previous  appbeations  RAF.  have  used  an  extended  Kalman  filter  (Padficld  ct  al  ,  1987,  [6  3.1])  to  derive 
consistent  state  estimates  for  the  SA-330  flight  test  data.  Attempts  to  estimate  noise  statistics  and  calibration 
correction  parameters  simultaneously  have  not  succeeded  however.  For  the  present  activity  it  was  felt  that 
establishing  good  esiimale.s  for  the  scale  factor  and  bias  corrections  was  more  iinpwrlant  and  hence  a  technique 


based  on  output-error  estimation  was  developed  (Turner  ct  al.,  1991,  [6.3.2]). 
written  in  the  usual  way  for  attitudes  and  velocities. 

Fhe  state  equations  can  be 

.Mliludes 

tft  ■>  p*-f-q*sin(t)tan9  -br*  cos  <f>  Ian  0. 

(6.3.1) 

6  c  q*  COS  <I>  —  r*  sin  (p. 

(6.3.2) 

'F  =  q*  sin  tp  sec  0 -l-r*  cos  0  sec  0. 

(6  3  3) 

where 

P*  =  (l+VPm  -iJp 
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Ap  =  scale  factor  correction 
bp  =  bias  correction 

=  measutement  of  roll  rate. 

Velocities 


u  =» 

-  q*w  -h  /  *v  +  a*  -g  sin  O 

(6-3.4) 

V  *■ 

-  r*t/  -h  p*w  -h  s*  -Pg  cos  0  sin  (J) 

(6.3.5) 

W  W 

—  p*v  +  q*u  -p  a*  -P  g  cos  0  cos  <l> 

(6.3  6) 

where 

—  (I  'lax^^xm  “  ^ax 

etc.,  with 

A^^  =  scale  factor  correction 
bp,  =  bias  correction 
respectively  to 

®xm  “  measurement  of  longitudinal  acceleration  referred  to  the  centre  of  mass 

The  estimation  procedure  is  configured  to  run  in  two  scquencial  passes  with  the  converged  results  of  the  atti¬ 
tude  pas.s  fitted  for  the  velocity  pass.  Ilic  corresponding  measurct.ient  equations  can  be  written  in  the  form: 

Altitudes 


—  i  1  'r  '•0))'^’  +  b(p  -P 

(6  3  7) 

®m  *  C  +  ''o)0  -1  bg  -P  Og 

(6,3.8) 

=  (1-P/l>p)V-pb^,-Pn,p. 

(6  3  9) 

where  the  measurement  noise  vector 
f^<D  ^O' 

is  assumed  to  have  a  Gaussian  distribution  with  zero  mean  ITie  model  output  is  obtained  from: 


<t>0  =  (’  +  '•ip)®  '  '’<p 

(6.3.10) 

^  +  <*9)0  +  ^0 

(6  3  11) 

•Vo  =  ■pb^, 

Once  again,  A  and  b  represent  scale  factor  and  bias  corrections  respectively. 

t6.3.12) 

Vdocilles 

V'm  °  (1-Pdv)(u*^-PV*^-PW'*V'^  +  iV  +  tV 

(6.3.13) 

Pm  “  (1  +  -lyj)  tan  ( )  +  l>g  +  n0 

(6  3.14) 

"m  ”  (1  +  ^„)  tan-V  )  +  *0  +  "a 

where  the  measurement  noise  vector 

(6.3,15) 

i7y 


rig. 

is  assumed  to  have  a  (laussiaii  dislribulioii  with  zero  mean.  Ihc  model  output  follows  ns  for  the  attitude  j'nss. 
ITie  velocities 

u*.  v*.  w* 

refer  to  the  velocity  components  of  llic  boom  lip  where  the  vines  and  pitot  tube  are  located.  lienee  for 
example,  if  tlic  point  has  coordinates 

*8-  Vb- 

relative  to  the  centre  of  mass,  we  can  write; 
u*  =  u-\-qzQ-rY^. 

V*  =  v  +  rjfp-pZg.  (6.3.16) 

etc 

ihe  vector?  of  p.aramctcrs  to  be  estimated  in  the  two-pass-proccss  arc: 

Va  =  [(p(0).  ftp,  ftq.  ft,  /(p  /tp.  C.  b^.  ftQ.  ft,  A^.  A^.V  (6  3  17) 

and 

Vv  =  t'J(O).  I'(O).  iv(0).  fta,,  ftay.  A^,.  fty.  bg.  6^,  Ag.  (6  3.10) 

Where  0(0).  u(0),  etc,  arc  (he  state  Initial  values- 

I'hc  cost  function  to  be  mjtmniscd  in  the  outpui-crrof  .scheme  can  be  wntten  (  rnrncr  ct  al  ,  1901,  [6  .3,2]): 


z’^S"'r  +  ylogg|S| +y  ^Ay^S^'Ay 


J  =  -i-  }  z  S  'z  +  -^loa.lSl  +-i-  >Ay'S^'Ay  (6.3,19) 

(  ^ 
where,  the  residual  vector  z  rc|^rcsct^ts  the  difference  between  the  measured  picJietcd  model  output  vcetois; 
l  =  (6.3.20) 


1  he  residual  vector  Ay  represents  the  dinctcncc  between  the  current  model  parameter  cslim:dcs  and  the  initial 
guesses  for  these  parameters: 

Ay  =  V-Vo  (6  3  21) 


S  is  the  nieasureincnl  (noise)  error-eovariance  matria  and  S^,  is  an  input  wcighliiig  matria  indicating  confidence 
in  the  initial  guesses  provided  for  the  parameter  estimates. 

Ihc  summations  in  (6  3  I9)  arc  carried  out  over  all  W  time  points  (t)  and  parameters  (p)  respectively  I  he 
Bayesian  component  (third  term  in  (6.3.19)  is  included  to  allow  some  parameters  to  be  held  fairly  constant 
during  the  iterations  for  cases  vhero  these  arc  known  with  high  confidence  a-priori  or  ovcr-paramctrisatioii 
could  cause  solutions  to  converge  to  an  obviously  incorrect  answer.  This  approach  is  discussed  further  by 
Maine  ct  al.  (1985,  [6. .3. 3]).  'I'hc  need  for  this  facility  will  be  demonstrated  in  the  following  analysis. 

I'fic  cost  function  J  is  minimised  using  a  Ciauss-Ncwlon  method,  incorporating  first  and  .second  order  partial 
derivatives  with  respect  to  the  vector  y. 

The  steady. state  error  covariance  matrix  S  is  estimated  using  the  definiliom 
S*st '  -  D/aoj^  ^  ^(Zp,  -  z5)(z,„  -  Zo)^ 

i  e.  the  eapected  value  of  the  off-diagonal  tcmis  is  zero 
model  parameter  estimates  given  at  the  k  iteration. 

The  formulation  given  above  assumes  that  process  noise  is  absent  and  hence  that  the  model  equations  (6  .’..!) 
through  (6.3.6)  arc  correct.  This  is  not  the  case  in  general  but  the  uncertainties  of  most  concern  aie  associateil 
with  differences  between  inertial  and  local  aerodynamic  velocities  in  the  velocity  pass  arid  vertical  gyro  anom- 


(6  3.22) 

.  Zq  is  the  estimated  model  output  obtained  by  using  the 
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alics  in  thu  attittjdc  pass.  These  sources  {»f  error  arc  often  distinctly  non-CSaussian  and  attempts  to  accoutu  for 
such  noise  using  the  usual  Kalmaii-fillcr  approach  for  estimating  S  will  themselves  he  laultcd. 

To  give  some  indication  ot  the  quality  of  the  unprocessed  measurements,  Tigure  6.1.7  shows  a  comparison 
of  measurements  juid  rnodcl  output  without  any  calibration  corrections.  The  case  examined  is  the  forward 
cyclic  321 !,  T568TACM  WI).  Some  notable  observations  arc: 


•  the  rcvcr.sc  scale  factor  on  the  incidence  vane, 

•  evidence  of  bias  errors  manifested  in  the  toll  angle  aitd  sideslip, 

•  process  noise  on  the  velocity  mcasurcmciit. 


Hie  output-error  optimisation  can  fust  be  run  with  the  parameter  constraint  weigluing  set  to  very  U>w  values 
(unity)  to  disable  lliis  part  of  the  c<ist  fundioti  cfTcctivcly.  Hie  optimised  lime  hi.story  comparisons  arc  sluiwn 
in  Figure  6.1.8  and  corrc.sponding  calibration  coircction  estimates  in  Table  6.3.5.  t  he  time  histories  show 
excellent  agreement  aflcr  30  iterations.  Some  notable  observations  arc: 

1.  the  roll  and  pilch  time  histories  have  been  sealed  to  about  50  %  of  their  origitial  values, 

2.  the  initial  yaw  angle  has  been  shifted  by  about  30®, 

.1  the  pniecss  has  been  incapable  of  fitting  the  process  noise  on  the  spccti  mcasurcmcn.. 


An  examination  of  the  calibration  paiainctcrs  in  Table  6  1.5  provides  evidence  for  some  of  these  observations 
The  sealed  attitudes  arc  entirely  a  rc.sull  of  ovcr-paramclrisation  with  the  rate  and  altitude  g>ro  .scale  factor.-, 
strongly  correlated,  i.c.: 


(i  +  \)=  -j 

(1+V 


+ •^<p 

_ 1 _ 

1  +  /Ig 


(G  3  23) 


I3\c  wale  factor  and  biac  on  the  yaw  channel  'V  and  the  initial  value  H’{0)  appear  also  to  be  corTclaled  such  that 
H'(O)  = 


A  quite  distinct  problem  arises  in  the  velocity  pass,  and  is  manifested  in  the  magnitude  of  the  .accclcronieler 
scale  factor  corrections  3.,,.  I'hcse  estimates  are  considered  to  be  physically  implausible  even  though  the 
standard  deviatii>ns  arc  very  .small,  'I'hc  cxiKcted  accuracy  of  these  quality  ineilial  seiisois  is  higli  and  the  small 
.amplitude  of  the  excursions  (sec  I'igurc  6.3.3  through  lugure  6.3.6)  in  all  bul  the  ped.il  manoeuvres  suggests 
that  the  effects  should  actually  be  very  small  in  equations  (6  3.4)  and  (6.3  3)  In  fact,  these  equations  show  that 
for  small  manoeuvres,  du/dr  anil  dv/df  arc  linearly  related  to  0  and  rj)  respectively  and  that  the  gravitational 
terms  dominate  The  acceleration  will  however  be  strongly  conrcl.ited  with  du/dt  and  G  and  the  optimisation 
will  try  to  use  this  signal  to  minimise  errors  i'igurc  6  3  9  shows  the  individual  components  of  the  dc/df  and 
dv/d(  variations  corJirmiiig  qualitatively  the  above  points.  Ibis  is  the  source  of  the  anomaly  and  for  both  the 
velocity  and  attitude  pass,  recourse  to  p.aramcicr  constraints  has  to  be  sought  to  achieve  realistic  sohition.s. 

The  selection  of  the  weighting  elements  of  the  matrix  S  is  not  obvious  and  in  general  may  need  to  be  different 
for  each  run.  Tor  the  prc.sent  study  a  ratio  of  I  to  10  was  chosen  between  conc.sponding  free  and  fixed 
parameters.  On  the  basis  of  the  previous  arguments  thr  '.Ixcd'  parameters  wcic  selected  as: 

dp,  dp.  d,.  dp,,  dp^,  d„,  hp,.  T-iO) 


Ihc  results  for  iltc  constrained  runs  from  the  ptionty  dataset  ate  given  in  Tigurc  6  3.10  along  with  the  opti- 
mi/L-.l  calibration  corrections  lor  all  runs  in  Table  6.3.6  through  Table  6.3.8.  I'or  the  attitude  pass  the  time 
histoi .  comparisons  indicate  that  an  excellent  fit  has  been  achieved.  I  hc  altitude  scale  factor  corrections  arc 
small  with  low  standard  deviations  except  for  the  pitch  altitude  in  the  left  cyclic  run  where  a  13  %  change  has 
been  identified.  ’I’hc  bias  estimates  arc  also  in  general  small,  ly|jicaUy  of  the  order  of  1”  lixeeplions  arc  the  roll 
biases  for  the  collective  mns  which  arc  of  the  order  of  3-.  'I’hc  initial  values  have  beer  corrected  accordingly 
as  shown  in  Table  6.3.6  tluough  Table  6  3.8.  The  results  of  the  nttiludc  pass  lend  to  increased  confidence  in 
the  measurements  but  there  is  sufficient  scatter  in  the  results  from  run  to  run  to  cause  concern  about  Ihc 
accuracy  of  any  particular  value. 

'Turning  to  the  velocity  pass  results,  a  more  interesting  set  of  comparisons  can  be  observed.  In  general,  a  good 
optimisation  has  been  achieved  for  each  run  with  one  or  two  exceptions  The  integrated  velocity  data  tyf  ically 
exposes  the  need  for  bias  corrections  on  the  accelerometers  and  highfiglils  the  presence  of  process  noise  on  the 
velocity  channel.  I'hc  aft  cyclic  run  has  converged  with  a  high  scale  factor  correction  estimated  for  the  sideslip 
velocity.  Seale  factor  corrections  are  to  be  expected  on  the  air  data  measurements  on  account  of  sialic  cali- 
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bration  inatcuracics  and  also  the  bias  effects  of  process  noise  present  due  to  local  flowTield  effects.  In  general 
these  arc  less  timn  10%  and  the  estimates  have  fairly  low  standard  deviations  (<  10%  paramotr  value). 
I  he  aft  cyclic  lun  is  a  strong,  cAccpliop.  and  attempts  to  stiffen  other  parameters  to  resolve  the  anomaly  have 
not  produced  consistent  results. 

ITie  kinematic  consistency  analysis  vlcsmbcd  above  was  conducted  by  RAIi  after  mo.^l  of  the  identification 
work  had  lx:cn  completed  by  participating  organisationr.  "Iliis  study  1  is  provided  insight  into  .some  of  the 
pitfalls  of  .Ntalc  estimation.  I'stimatcd  calibration  correction  factors  vary  from  run  to  run  in  an  uncuj/cclcd 
tnaniict  although  in  absolute  terms  most  v>f  the  values  are  small.  It  is  not  p(issiblc  to  recommend  a  definitive 
sc!  of  eorrcclions  for  thc^c  .suppt>.scdly  deterministic  errors  and  therefore  in  most  eases  filtcicd  measurements 
arc,  it  could  be  argued,  appropriaii'  for  use  directly  in  the  model  stmcluic  and  parameter  identification  stages 


6.3.4  Identification  Methods 
6.3.4.I  OI.R 

I'iles  fur  llic  80  kn  flight  condition  with  .^21 1  test  inputs,  which  were  concatenated  for  identification  purposes, 
imolvcd  longiludinal  cyclic  (aft),  lateral  cyclic  (riglil),  pedal  (left)  and  collective  (up)  a>i\tr()l  input.s  Tiles  used 
for  verification  purposes  involved  longitudinal  cyclic  (forward),  lateral  cyclic  (left),  |x:daJ  (right)  and  collective 
(down)  control  inputs.  In  the  model  siruciurc  and  parameter  estimation  stage  of  the  itlcnirfication  process  the 
chosen  slate  vector  was: 

X  =  (u.  V,  w,  p,  q.  r,  eft,  G)^  .  (fi  3  24) 

and  the  measured  vector  w'as; 

y  =  (a^,  a^.  a^.  p,  q.  r.  0.  0.  u.  v.  (6  3  25) 

r.stimaliiin  was  laxricd  out  using  the  1)1  K  non-linear  Maaimum  l.ikclihood  progr.am  (see,  eg  Jalcg.ionl<ar 
et  al .  1983.  [6.3.4]).  Variables  were  used  and  no  use  was  made  of  pseudo-controls.  No  elements  of  the  system 
and  control  input  ma.riccs  weic  fitted  and  .all  kinematic  and  gravity  terms  were  included.  Pure  time  delays  were 
included  for  cont.-ol  inputs,  cacopt  for  the  pedal  input. 


0.3.4. 2  KAC'/iiia.sgOH'  imiversity 

I'iles  principally  used  for  parameter  identification  involved  the  80  kn  lliglil  condition  with  3211  inputs  Meas- 
urcinciits  used  were  speed,  incidence,  flank  angle,  pitch  rate,  pitch  angle,  roll  talc,  roll  angle,  y.aw  rate,  longi¬ 
tudinal  acceleration,  lateral  acceleration,  normal  acceleration,  collective,  longitudjn.aj  cyclic,  l.atcral  cyclic  and 
pedal  Mie  portion  of  each  record  used  was  not  the  same  in  all  eases  fhe  responses  to  the  collective-down 
input  were  truncated  aficr  approximately  14  $  and  were  thus  significantly  shorter  than  all  other  records  which 
involved  between  20  and  25  seconds  of  data.  Ibe  sampling  frequency  used  was  32  Hz.  No  filtering  was  carried 
out  on  the  flight  data 

.Model  structure  and  parameter  cslintation  was  carried  out  using  a  three  stage  approach  involving  frequency- 
domain  equation  error  and  output-error  techniques  (Black  et  al.,  1989,  [6  3.5];  Black,  1989,  [6.3.6]).  Work 
was  carried  out  using  both  single  records  and  combinations  of  records.  I  he  analysis  of  combinations  of  records 
has  involved  the  application  of  a  technique,  developed  «t  the  University  of  Glasgow,  for  multiple-run  idcr.'.ifi- 
cation  (Black  et  al  ,  1990,  [6.3.7]).  This  approach  retains  the  individuality  of  separate  rur-  and  avoids  some 
of  the  known  problems  of  concatenation.  It  involves  the  introduction  of  an  additional  summation  loop  in  front 
ot  the  individual  cost  funclioiis  associated  with  each  separate  data  set  This  gives  a  combined  cost  function 
N 

<«3  25) 

,  =  1 

for  N  data  sets,  l.xprcssions  have  been  derived  which  show  that,  under  certain  conditions  (e  g.  the  cost  surface 
is  a  close  approximation  to  a  quadratic  in  the  vicinity  of  the  mitumum),  the  multiple-run  estimates  and  corre¬ 
sponding  standard  deviations  may  be  obtained  a-priori  using  the  individual  results  from  the  runs  fanning  the 
basis  of  the  multiple-run  identification. 

I'he  individual  cost  functions  for  the  frequency-domain  output-ciror  stage  of  the  idcnlification  process  v/eie 
based  upon  a  Maximum  likelihood  form  of  criterion  involving  summation  over  a  specified  frequency  range. 
Pseudo  control  inputs  were  used  in  this  appioach  In  this  application  the  range  oonsidcred  was  0.049  Hz  to 
0  492  Hz.  I'he  cnor-covari-ance  matrix  estimate  was  updated  at  each  iteration  on  the  basis  of  predicted  model 
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outputs  ('tmvcrgcr.cr  is  required  in  both  the  model  paranu.  .  values  and  in  Jiagonal  elements  of  the  error- 
c<ivariancc  matrix.  Minimisation  involved  a  quasi-Newton  mctln^d  t(igetlicr  with  an  optimal  iincar-scarch 
algorithm.  Some  parameters  were  fixed  in  the  idcntificalion  process  but  no  other  constraints  were  included, 

A  timc-donuiin  outi  ut-crror  idcnlirieatitm  stage  was  used,  follow'iug  the  hcqucney-doin.iin  output -error  iden¬ 
tification,  in  order  to  estimate  7cf(»  offsets  and  initial  states. 

Verification  was  carried  out  using  data  sets  which  were  not  used  ii.  idcntifieaiion 


6..V5  Identification  and  Verincation  Results 
The  principal  results  of  the  studies  arc  as  follows: 

•  1  able  through  i  ablc  h. .1.1.1  contain  the  stability  and  ctuUroI  i'erivatives  aiul  equivalent  lime  delays 

c.stimatcd  by  (jiasgow,  !)|  R.  (  bR  I  twilh  and  without  time  dclay.s).  NAI\  and  Nl  R  All  lb  stahiliiy  and 

24  control  derivatives  arc  included  althougli  in  manv  cases  tpailicularly  (ilasgow,  1>I  .U  and  NI.R  ana- 

ly.scs),  some  are  deleted  a-priori  on  the  assumption  of  the  small  contribution  to  an  adequate  model 
structure 

•  Table  6  3.14  contains  the  eigenvalues  corresponding  to  the  assembled  state  matrices  (with  known  gravi¬ 
tational  and  kinematic  terms).  Included  arc  the  liS  AiTny  results  derived  from  transfer  function  ruling  of 
the  roll  rate,  yaw*  rate  and  sideslip  response  !o  lateral  cyclic  and  pedal 

•  I  igurc  6.3. 1 1  and  I'iguic  6  3. 12  and  illusirau*  the  Cilasgow'  time  hi.story  fits  for  translational  and  angular 
vcUicilics  corresponding  to  the  idcnttfication  and  verification  runs  respectively.  Ilic  concatenated  runs  for 
the  idcnlification  arc.  from  IcH  to  right,  longitudinal  cyclic  (afl),  lateral  cyehe  (right),  pedal  (left)  and  col¬ 
lective  (up).  Inputs  lor  the  verification  runs  cotTC$j*ond  to  the  opposite  contiol  input  directions. 

•  I  igurc  6  3  13  and  Tigurc  6  3  14  illustrate  siinilar  rcsul!.s  from  the  T)I  R 

•  f  igure  6  3.15  .shows  llclistah  results  for  vao'ing  static  stability  derivatives  (di.scussi  d  in  iclalion  to  longi- 
ludinal  dynamics  in  section  6  3.6). 

'Ilic  derivatives  in  Table  6.3. through  Table  6.3.12  arc  accompanied  by  their  standard  dcvialicns  Valuc.s  of 
the  latter  below  5  %  of  the  as.sociatcd  parameters  arc  deemed  to  be  estimated  with  very  high  confidence.  Nearly 
all  the  major  derivatives  (dampings,  primary  contiol,  roU/yaw  sideslip)  fall  into  this  category.  Many  of  the  cross 
coupling  derivatives  fall  outside  iliis  calcgor)'.  The  mest  disturbing  feature  is  the  variation  of  derivative  esti¬ 
mates  aCiCiS  the  methods,  ('uiupaiiiig  louii'*  iiciii  Glasgow.  OLR  and  C  }>R  i  (with  equivalent  lime  (iciays) 
there  is  some  consistency  (<  20%)  across  derivatives  like  ^  ^'hilc  other,  equally 

important,  effects  arc  estimated  with  variations  of  50  %  and  higher,  e  g.  Lp, 

In  some  eases,  very  small  but  :nijx>rlani  derivatives  arc  estimated  with  striking  consistency,  e  g.  anil  others 
much  less  so.  e  g.  Vf^,  X^.  Ibc  total  damping,  computed  either  from  the  sum  of  diagonal  elements  or  eigenvalue 
real  parts  varies  from  greater  than  5  (Cilasgow,  DLR)  to  less  than  3  (NAT,,  NTR).  ’These  anomalies  are  a  source 
of  concern  and  insufficient  effort  has  been  focused  on  resolving  them  to  dale.  In  most  eases  the  saiuC  or  very 
similar  time  histories  weic  used  in  the  idciitification,  but  the  different  cost  functions,  minimisation  algorithms 
ajid  parameter  con.straints  used  will  all  lead  to  particular  solutions  and  exacerbate  the  non-uniqueness  of  sy.slcm 
identification  process,  llic  variation  of  results  across  the  methods  cannot  be  fully  accounted  for  without 
recourse  to  more  detailed  examination.  The  issue  is  raised  however  as  to  which,  if  any.  of  the  approaches  is  the 
heller.  This  is  also  difficuit  to  resolve;  the  PTR  and  Glasgow  multi-run  results  are  classic  examples.  Roll  and 
pitch  dampuig  air  estimated  to  be  greater  than  2  and  1  respectively;  the  Ilclislab  simulation  predictions  ajc 
-1.68  and  -0.71  respectively  and  arc  considered  to  be  reasonable  theoretical  estimates  of  these  effects  Is  the 
simple  llelistab  theory  really  50%  in  error  or  arc  the  flight  derived  estimates  in  .^orru-  sense  biased?  Such  a 
question  must  have  a  validated  answer  before  system  identification  methods  can  l>e  uscil  with  strong  confi¬ 
dence.  In  the  next  section,  the  results  sunimarised  above  will  be  examined  in  more  detail  with  respect  to  the 
dynamic  modes  of  motion  lo  support  an  improved  undcisianding  of  the  variations  discussed. 

6.3.6  Dlscua&ion  of  Results 

iTom  the  compendium  of  rc.sults  contained  in  Table  6.3.9  through  Table  6.3.12  and  Figure  6.3.11  through 
Figure  6  3.14,  we  can  extract  subsets  that  refleci  the  fundamental  properties  of  the  dyinimic  modes  under  sui¬ 
table  conditions.  In  the  mid-speed  range,  articulaicd-rotor  helicopters  typically  exhibit  conventional  flight 
modes,  e  g  ?hort  period,  roll  sub.sidcncc,  etc;  while  couplings  can  be  moderate,  e  g  roli/pitch,  they  manifest 
themselves  as  forced  motions  and  tend  not  to  have  a  strong  effect  on  modal  frequencies  and  dampings.  Most 
of  the  dynamic  excursions  in  the  test  manoeuvres  can  be  considered  to  be  within  the  normal  linear  range,  at 
least  as  far  as  the  aerodynamic  loads  ar^  concerned.  The  estimated  stability  and  control  derivatives  should 
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tluTcfDfC  be  rcait>nAbIy  dose  lo  ihcir  physical  counterparts  Assembling  t)..  appn>sifnating  factors  from  llusc 
can  provide  insjght  into  the  cotrcspomling  fit  errors  and  the  overall  confulcntc  levels  in  llic  icsults, 

I .  lonctuduiai  short  fxrrioJ  mode 

'I  lie  approximate  characteristic  equation  for  lliis  rmulc  is  very  well  dociinieiUe-.l  in  text!>ooks  aiul  has 
reecived  detailed  scrutiny  by  Padficld  (W8I, 

A^-(Z^  +  M^)A  +  +  V)  =  0  (6  3.27) 


Ibis  approximation  as.su»nc.s  that  speed  is  conalaiit  during  the  I'ileh  manoeuvre,  fable  f>  l.^i  shows  a 
comparison  ot  the  approximate  results  with  the  eigenvalue  data  from  fable  f>  .V 14.  included  arc  the  K  Al- 
Hclistab  simulation  results  In  most  eases  the  agreement  is  within  20  %,  some  better  than  5  %  Where  ilu* 
comparisons  arc  good,  attention  can  l>c  focused  on  the  simple  components  of  the  apj>r<>ximation  A 
comparison  of  results  aerrs.s  the  methods  reveals  stronger  variations  in  damping  and  frequency.  Why  this 
should  be  so  is  difTicult  to  explain  without  access  to  the  details  of  the  estimation  algorithms  and  piocc- 
dures.  In  order  that  th*sc  comparisons  can  be  related  lo  the  short  period  time  rcspon.scs,  the  control 
effectiveness  ratios  need  to  be  compared  as  shown  in  Table  6  .^  15  Uoth  cyclic  and  collective  coiitrol 
scnsilivily/dampmg  ratios  are  included  and  these  show  a  similar  level  of  variation  between  methods. 
Another  Key  parajicter  featuring  ir  equation  (6.3.27)  i.i  the  static  .stability  derivative  which  serves  lo 
couple  pitch  and  heave  and  turn  what  would  otherwise  be  a  pair  of  subsidences  {Z^,  M^.)  into  an  oscil¬ 
lation.  The  variation  across  the  results  is  again  strong  and  reflects  the  vanafions  in  short  period  frequency 
tUgp.  1110  standard  deviations  for  the  parameter  estimates  discu.sscd  are  typically  quite  small,  indicating 
good  confidence  in  the  values. 

ITic  key  lime  histories  lor  pitch  short  period  behaviour  arc  pilch  rate  and  incidence  (q  and  wv  m 
I'igure  6.3. 1 1  througli  figure  6.3.14)  for  the  identification  run  in  response  to  longitudinal  cyclic  control 
Both  the  I7I  ,R  and  Olasgov  analyses  used  air  data  measurements.  An  obvious  question  to  adrircss  is  how 
such  distinct  derivatives  and  associated  modal  characteristics  can  •'csuH  in  such  similar  lime  responses.  A 
coniparisor.  of  the  vjlasgow  and  DI  R  results  iUustratCf.  the  point  adequately;  using  the  (ilasgow  rc.sults 
as  a  reference,  the  Dl.R  results  indicate, 


a.  25  %  dilTcrencc  in  damping, 

b.  40  %  (lifTerc.-rc  in 

e.  300  %  dlffciericc  ia  sUiic  Mdbiiiiv  . 

fhe  fits  for  the  vcrifiealion  runs  shown  in  figure  6.3  1 1  and  figure  6  .V  W  »afe  poorer,  parliculaily  the 
(ilasgow  incidence  comparison. 


(ivcrall  the  results  am  inconclusive  regarding  the  relative  merits  of  one  ucKnique  over  another,  with  regard 
fo  esiinialing  short  period  characteristics. 

2.  Ixrngtudinal  phugoid 


With  only  25  s  ol  response,  the  information  content  on  the  low  frequency  phugoid  mode  is  low.  |p 
general  however,  the  mateh  of  the  u  velocity  coniponenl  is  quite  good  and  reveals  a  complete  cyclic  of 
the  phugoid  mode,  fhe  approximate  formulae  for  damping  and  frequency  set  out  in  Badficid  (191>l. 
[6..3.8J)  IS  based  on  an  assumption  that  the  phugoid  is  characterised  by  weakly  damped  vertical  and  hor- 
i/oiital  motions.  I  he  damping  is  composed  of  a  large  number  of  stn;dl  effects  including  ilic  drag  derivative 
X^J  It  IS  «hown  by  Badfield  (19X(.  [6.3.8])  that  this  approximation  i.s  unlikely  to  be  valid  at  80  kn  and, 
of  course,  With  barely  one  oscillation  cycle  of  data,  such  weak  damping  would  not  be  easy  to  rstiinalc. 
'Die  frequency  on  the  other  hand  is  dominated  h>  a  particular  combination  of  derivatives: 
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(6.3  29) 


Table  6. .1.16  shows  a  comparist'n  of  derived  from  equation  (6.1.29)  with  the  corresponding  eigen¬ 
values  of  the  full  system  token  from  'Table  6.1.14.  It  is  e'ear  that  the  estimation  methods  agree  very  well 
on  thc.se  parameters  ana  that  the  approaimalion  in  equa'ion  (6.3.29)  gives  good  agrceir.en'.,  with  vari¬ 
ations  generally  less  than  1C  %.  It  should  oe  noticed  that  this  ccrrclation  results  from  combining  indi¬ 
vidual  effects  (i.c.  u/gp*.  Mp  )  that  tyi  ically  vary  by  more  than  100%.  This  result  suggests  that  some  cor- 


relation  enlists  between  the  identifted  parameter^,  e  g.  the  ratio  of  M^J  to  o/sp  is  rougtdy  a  constant.  Roth 
the  static  stability  derivatives  Aff^  and  arc  small,  poorly  Klentificd  (based  on  the  scalier  between  dif¬ 
ferent  methods)  but  at  the  Sinic  time  play  a  key  role  in  the  h)nn  of  the  response  history,  l  igurc  b  .VI  5 
shows  llclistah  rc.sults  for  the  SA*3.t<l  at  80  kn  in  response  to  a  .‘'211  input  applied  to  the  longitudinal 
cyclic.  Ihc  short  term  rcs|Xinsc  is  strongly  sensitive  to  and  the  longer  term  to  I  he  range  of 
derivative  values  depicted  cover  those  values  estimated  by  the  different  organisations  Tltcsc  result.^  con¬ 
firm  the  classical  importance  of  these  derivatives  to  vehicle  behaviour. 

ITic  rc.sults  for  the  two  longiludiaal  initdcs  described  above  suggest  some  conflict  in  the  estimation  of 
pltysically  meaningful  charnclcrislic.s  for  both  modes  siinultiuieously 

3.  Roll  subsidence 

Ilie  role  damping  Lp  is  the  key  dcriva(i\c  here  wid  fable  6  .3. 10  indicates  an  estimation  range  between 
—07  1/s  (NAlO  and  *2.5  1/3  (l)l.R).  Ihc  standard  dcvjalions  arc  vcr\  small  for  all  estimates  It  is 
interesting  to  note  that  tlic  two  rsamplc.i  cited  above  correspond  to  cases  with  efTcciive  time  delays  of  /.cro 
and  I?.^  ms  rc.s|>cctivc?y  h  is  well  known  (Padficld  ct  al.,  1987.  [A. 3  1])  that  »hc  roll  damping  can  st>me- 
times  be  grossly  underestimated  if  no  account  is  taken  of  the  cfTectivc  delay  introduced  by  the  actuation 
and  rotor  system,  ‘fhis  could  ‘vcl!  have  played  a  pan  here  Ihc  roll  mode  eigenvalues  given  in 
faMc  6  3  14  correlate  well  with  the  damping  in  most  cases,  fable  0.3  !  7  compares  the  rate  sensitivity 
ratio  for  the  various  eases  revealing  a  .sprt'ad  from  0  015  rac/(s  %)  to  0  03  rad/(s  %).  Such  a  wide  vari¬ 
ation  is  not  reflected  in  the  short  term  roll  response  to  lateral  cyclic  shown  in  identified  responses,  see  e  g 
Cilnsgow  traces.  As  with  llu*  Umgiludmai  modes,  however,  tlic  quality  of  lateral  mode  estimation  cannot 
be  fully  discussed  in  isolation. 

4.  Dutch  rod 

'fhc  approniiiiating  pK)lynoinial  for  the  Dutch  roll  mode  is  more  difficult  to  derive  and  will  depend  on  the 
extent  of  coupling  between  roll,  yaw  and  sideslip  'Hie  most  general  formulation  has  been  derived  by 
Padficld  (I99l.  [6.3,9])  and  ;t^5umcs  that  sideslip  and  sideways  velocity  can  be  regarded  as  weakly  cou¬ 
pled. 

I  he  quadratic  then  takes  the  form: 

+  A- OJf^  *  0.  (0  3  30) 


where, 

{2<rOO* 


if 

V 


(6.3.31) 


(8.3  32) 


A  comparison  of  Dutch  roll  damping  and  frequency  for  the  different  methods  is  provided  in 
fable  <  3.18.  1316  fn^queiic)  is  generally  prcdictcd  very  well  by  the  approximation,  being  dominated  by 
the  uirecv'ontd  stability  N^..  In  most  ease?  about  75  %  of  the  damping  is  predicted  by  the  approximation; 
the  variat  on  between  methods  is,  however,  quite  large.  Time  history  mulches  ate  good,  particularly  foi 
yaw,  but  ulso  roll  and  pitch,  fhc  quality  of  comparison  in  the  verification  runs  is  less  gooil  with  even 
small  mis-matches  in  frequency  and  damping  clearly  visible  in  some  rases  (e  g  (ilasgow  results) 
r.quations  (6.3,31)  and  ^6.3. 32)  highlight  the  nrleofthc  yaw/roll  coupling  derivatives  (4,  N^)  in  the  Dutch 
roll  dynamics.  In  gcncrai,  the.se  parameiers  arc  expected  to  be  physically  less  dominant  and  smaller  than 
their  primary  counterparts  {L^.  fV^)  ‘I’hc  results  shown  in  fable  6.3.10  suggest  the  contrary  in  some  cases 
(e  g.  NAf-  -  if/i-p,  DfR,  NE.R  -  Wp/W^  )  f"  an  extent  these  apparent  distortions  can  be  explained  by  the 
cflfc  cts  of  inertial  coupling  between  roU  and  yaw,  but  by  no  means  entirely.  Ilie  [.(itcnliaJ  for  parameter 
correlation  in  the  Dutch  roll  analysis  is  believed  to  be  very  high,  especially  with  .such  low  damping  and 
the  almost  anti  phase  relationship  between  roll  and  yaw. 
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5.  Si'ital  ino-Jc 

riic  usual  apfrroxiiiialion  for  tliL  slow  spiral  mode  lakes  the  foiiii  (I’adfickl  cl  al.,  mS’,  [6  I.IOj) 
.  .  g  ‘-,N,-N,L, 

^  V'  g 


(6  3.33) 


A  cursor)'  cxaniinatioii  of  the  time  histories  inclicatc!^  that  there  is  lililf'  cvidnu'c  ol  .tiu  spiinl  mode  exci¬ 
tation  at  all  in  the  dynamic  response  A  comparison  of  appmxiinalc  aiul  full  inoilcl  icsuHn  for  just  the 
<»las)t(3w  ami  PI  R  ilata  revivals  lljc  p«'or  correlation  p.-irticolarly  for  the  former,  which  is  lypie.al  of  results 
from  all  the  different  methods 

(ilasgow  A*  a  —0  022, 

-  -0005; 

PI.U  A^  =  -O.OG/3. 

,^5  «  -0.048. 

Like  the  phugoid  damping,  the  spiral  mode  is  dilTicult  to  identify,  heing  a  residue  t»f  two  quite  strong 
efTccts  (cf  numerator  in  equalum  (6..1.33))  and  is  prohahly  better  idciilincd  in  part  by  cc>n*cntional 
turns  oii  onc-cotitrcd  rnaiurcuvrcs  (INdficId,  1985,  [6.3. 1 IJ) 

6.  (’ros8  cotipUng 

I  lie  prediction  and  I'.sfimation  of  cross  coupling  effects  on  hclict>('tcrH  has  presented  serious  luirillcs  ;.p.d 
has  been  reported  m  much  of  the  published  identification  work.  An  underlying  concern  has  been  lliat  if 
tlic  coupling  effects  are  poorly  estimated  or  distorted  then  this  will  reflect  on  the  priinarv  responses  too 
and  in  many  eases  this  has  led  to  the  neglecting  of  coupling  elTcct.s  or  their  relegation  to  pseudo  controls. 
Regarding  the  currcnl  SA*3.^0  analysis  and  the  results  in  !•!gUIc  6.3. i  I  througli  figure  6.3.14  and 
fable  6-3.9  and  fable  6.3.10,  tlic  following  observations  can  be  made; 

a.  I>atcral  velocity,  roll  and  yaw  response  for  the  longitudinal  cyclic  inpul.s  arc  poorly  predicted  in  both 
identification  and  verification  runs.  Ific  flight  data  indicates  that  the  l>ulch  roll  mode  has  been 
siioiigi)  cAcucu  vrhile  iiit.s  iiiodc  id  piAC«iv<dl>  abscnt  fof  thc  rcc;)i\>trwcled  i.:;»pon:Jcr..  Mer.t  of  t’ne 
related  derivatives,  e  g.  L^,  Wq,  are  estimated  with  tow  confidence  and  often  have  unrealistic 
values  (e  g.  )  llic  analyses  do  not  normally  provide  data  on  the  sensitivity  of  individual  time 
history  fils  to  the  overall  cost  funttinns.  fhis  kind  of  information  could  pro'  c  n  cr>'  useful  in  under 
.standing  .some  of  the  anomalies,  e  g  the  roll  response  to  longitmliiiril  cyclic  is  as  pronounced  as  the 
pilch  response  and  yet.  in  most  cases,  the  optimisation  appears  to  have  ruled  out  roll  as  a  eonirib* 
uiion  to  thc  minimising  process. 

b.  In  contrast,  thc  pitch  and  heave  resp<m5cs  diinng  the  lateral  cyclic  and  pedal  manoeuvres  appear  to 
be  reasonably  well  modelled.  I'hi.s  is  particularly  true  for  the  DLR  idciUification  and  verification 
results.  Hoth  the  contributing  derivatives  and  arc  estiiratcO  with  liigli  confidence  allhougli  thc 
foriner  is  ot  opposite  sign  to  that  predicted  uom  purely  acrodynaniic  i  i>nsidei;itioiis  (Hclisiab  value 
”  -0.22).  Ific  relatively  high  value  of  is  surprising  .in»l  almost  certainly  a  major  contribution  to 
the  pilch  response  in  the  Dutch  roll. 

c.  In  general  thc  collective  rcsp^mscs  provide  the  poorest  comparisons,  The  Dutch  roll  mode  is  clearly 
excited  yet  few  o(  the  method?'  ap|>car  to  capture  iht  corresponding  roll  and  yaw  motions,  flic 
pitch, 'collective  coupling  is  generally  well  represented,  suggesting  comp.atabilily  between  the  esti¬ 
mated  character  of  the  short  period  mode  in  rc5|H)nsc  to  cyclic  and  collective  inputs. 

7.  (’ontrol  derivatives 

I  he  control  efTcclivcnc.ss  is  one  of  thc  few'  derivatives  with  a  direct  physical  inteqaetation,  following  an 
application  of  control  an  ae/odynainic  foicc  is  generated  that  induces  measurable  fuselage  dceclcralions 
('ontiol  derivatives  arc  by  far  the  most  important  parameters  for  control  law  design  .'ind  Ii  ving  accurate 
estimates  across  thc  icquired  frequency  range  is  vital  for  maximising  robustness  1  he  SA-3.3()  estimates 
arc  contained  in  fable  6.3.1 1  and  fable  6.3.12.  Some  notable  features  arc: 

a.  Primary  cyclic  derivatives  arc  c.siimatcd  with  low  standard  deviations  but  vary  across  the  mclhod.s 
by  more  than  50  %  relative  to  thc  (ilasgow  reference  value. 

b.  (toss  cyclic  control  derivatives  are  estimated  with  low  confideiiLC,  somctiinc.s  not  at  all  and  some¬ 
times  with  JifTcrent  signs. 


IS.-I 

c.  Willi  tho  cxuptKui  of  the  ni  K  value,  the  pitrhing  tn<Mncnt  from  is  estimated  witli  strong 

lonsistciiey 

d  1  he  eolleetivc  scnsjlivity  2^,^,  esliimted  with  confulciuc  hot  again  varies  K'lwccii  methods;  the 
heave  sensitisily  appeals  \o  he  rcasoiubiy  constant  aerr^ss  t!ic  methods  lioucset. 

c  llic  yaw  control  dcnvativc  vanes  by  about  25%  of  the  (ilasgow  reference  value,  llie  corie- 

sponding  sidcforec  derivatives  aic  generally  estimated  with  low  eimfidcnec  however  and  do  m>t  relate 
kinctnatieally  with 

f.  I  he  X  and  y  contiol  derivatives  arc  generally  small  and  poorly  cstmialed 
6.^1  ('nnclusions 


Six  of  the  partieipating  organisations  in  AtiAUI)  W(M R  conduclcd  syslein  idcntifieation  lui  the  SA  AAO  flight 
test  data  provided  by  the  Rr^yal  Aer(»spaee  rstablishment.  I  K.  Iliis  rc|H»rl  has  reviewed  the  lest  data  itself  and 
file  various  iilrntifnalii.ii  mcthoils  applied  by  the  different  t>rgainsalions  A  six-ilcgrcc-of-ficctloin  inoilel 
structure  was  assumed  for  all  the  work  Results  have  Ih'cii  presented  including  estimates  of  siabilily  and  ct>titfol 
ilericatives  and  eotnparison  of  test  and  icee-nstruelcd  time  histories  lor  the  colleciiiUi  of  nuilii-step  conlfi)!  input 
manoeuvres.  Special  consiJci alion  has  been  given  to  the  RAI*.  data  lonsisteney  anrdysis  and  also  a  physical 
interpretation  of  the  derivatives  through  approximations  to  the  dynamic  mi>dcs  of  motion,  rroni  the  results 
presented  the  following  obscrv'ations  and  conclusions  can  be  dtawn. 
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5. 


('ahbration  factor  corrections  derived  from  a  systematic  output -cnor  analysis  has  highlighted  a  variability 
tmm  run  to  run  that  cannot  Im*  fij|l\  explained  from  the  analysis  A  constrainc<l  optimisation  was  rcqnircil 
to  achieve  a  icalislie  solution  in  most  eases  I  he  correction  factors  nic  generally  small  and  readily  ateouiil 
for  integrated  inertial  errors  that  olhciavisc  grow  during  the  inaiKWiivrcs. 

Many  of  the  primary  derivatives  are  estimated  with  a  strong  confidence  by  tlie  vurioos  inethod*^  I  lowcvei , 
the  VrtUrtlioii  he. ween  lesults  from  different  methods  is  a  cause  for  concern.  I  ypically,  very  good  time 
history  fits  .ire  achieved  by  two  methods  with  wUlcly  differing  (  >  50%)  derivative  estimates, 

Cross  coupling  derivatives  arc  generally  estimated  with  low  conlidcmc;  on  occasions  the  values  are  still 
significant  which  must,  in  luni.  ca.nt  doubt  on  ihr  distorted  values  of  the  associatcil  juiiaary  dciivatives 


An  tif  the  modal  behaviour  through  approximate  fommlac  has  proved  useful  in  highligliting  tljc 

importance  or  otherwise  of  particular  combinations  of  derivatives.  Some  correlation  between  inotlal  esti- 
nialion  has  Ikcu  observed,  e  g  phugoid  period  and  short  period  diunping,  Puleh  roll  and  roll  sul>sidcnce, 
i.c.  an  value  appropriate  to  the  phugoid  may  not  be  best  for  the  pitch  mode. 


While  primary  rcS|H)ns<,3  were  wcdl  match«:d  in  general,  cross  coupled  lime  responses  were  often  pot'rly 
predicted. 


It  is  believed  that  process  noise  in  the  form  of  uninodellcd  dynamics  and  non  linrarilies  conlnbutcs  sig* 
mficantly  to  tlic  variabiliiy  of  the  results  presented,  inhibiting  the  extraction  of  a  unique  set  of  stability 
and  control  derivatives  for  the  SA*.^30. 
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Control  displacements 


Variables 


Soiirce 


(iroup 


Quantity 


Original 

.Sampling 

Rale 

(in  Il7.) 


I'orvi'ard/aft  cyclic 


1  .atcral  (iyclic 


Pedal 


Collective 


Polcntioineler 


Polentioinclcr 


Potcnlioinctcr 


Potentiometer 


12S 


128 


128 


128 


Table  6.3.3.  SA-330  Control  Variables 

Data  provided  at  a  iinifortn  sampling  rale  of  64  H?. 


Rotor  Angular  rates  ^  accelerations  Air  data 


Variables 

Quantity 

Source 

Original 
Sampling 
Rate 
(In  Ha) 

Angle  of  attack 

Noseboom  vane 

128 

Angle  of  sideslip 

Noschoom  vane 

128 

Airspeed 

Nosetmoni  Pitot  probe 

128 

('limb  rale 

Static  pressure  probe 

128 

Ixmgitudiiial  actelctalion 

Acceleromelcr  at  CO  and  agility  package 

25fi 

[.literal  acccicfation 

Acccleiomclcr  at  C(i  and  agility  package 

256 

Nt)rin<il  accclcralioii 

Accelerometer  at  (Xi  aiul  agility  package 

256 

Roll  ajigic 

Vertical  gyro  and  agility  package 

128 

Pitch  angle 

Vertical  gyro  and  agilily  package 

128 

Yaw  angle 

Directional  gyro 

128 

Roil  rate 

Rale  gyro  and  agility  package 

256 

Pitch  rale 

Rate  g>ro  and  agility  package 

256 

Yaw  rate 

Rale  gyro  and  agility  package 

256 

RPM 

'!  achonictcr 

256 

Table  6.3.4.  SA-330  Response  Variables 

Data  provided  at  a  uniform  sampling  rate  of  64  Hr. 
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Table  6.3.6.  SA-330  data  cunsistenc)  analysis  with  constrained  optimisation:  .Scale  factors 
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I'able  6.3.7.  SA-3-30  data  consistency  analysis  with  constrained  optimisation:  Diases 
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Table  6.3.8.  SA-330  data  consistency  analysis  with  constrained  optimisation;  initial  conditions 
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Figure  6.3.1.  RAE  Research  S A- 330 


Figure  6.3.2.  3-view  drawing  of  RAE  Research  SA-330 
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Figure  6.3.10.  Ccmpahson  of  measured  attitudes  and  air  data  with  constraioed  optimisation  of  reconstructed  inertial  measurements  -  SA-330 


Figure  6.3.11.  Comparison  of  flight  and  estimated  times  histories  -  Glasgow  -  Identification 


Figurr  6.3.13.  Comparison  of  flighl  and  estimated  times  histories  -  DLR  -  Identification 


Compsnson  of  (light  and  e!>tuiuted  .imes  historhs  -  DLR  -  Verification 


Fignre  6.3.15.  Helistab  cyclic  responses  for  varying  and  -  SA-330  -  80  kn 
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7.  Robustness  Issues'*) 


7.1  Introduction 

Successful  applicalinn  and  adoption  by  the  folorcraft  industry  of  system  identification  hiiittes  on  a 
comprelicnsivc  demonstration  of  robustness.  While  this  statcmi  it  ir  probably  true  in  the  general  ease,  in 
reality,  those  industrial  organisations  that  will  beneht  the  most  and  the  earliest  arc  likely  to  he  those  that 
commit  resources  to  undcr.standing  this  enabling  Icrhnology  during  its  development.  In  particular,  they  will 
be  in  a  strong  position  to  as.sist  in  setting  the  standard  for  lobustncss. 

Robustness  issues  in  rotorcrafl  system  identification  may  be  classified  convenientiv  as  follows 

!.  robustness  and  reliability  of  a-priori  infoniti.ation  required  foi  successful  system  identification, 

2.  robustness  of  the  identification  technique  used  for  establishing  the  structure  of  the  model  .and  estimating 
paiamctcrs  of  the  model. 

1.  robustness  (cony  stency  and  accuracy)  of  the  identified  model  structure, 

4.  robustness  (consistency  and  accuracy)  of  the  estimated  paianiclcrs, 

!i.  overall  robustness  of  the  resulting  mathematical  model  . 

I  bis  section  puts  forward  proposals  for  the  robustness  conditions  and  tests  retiuited  in  all  five  applications 
above.  In  some  cases  the  proptisals  arc  tentative  and  the  need  for  more  substantiaiioo  work  is  identified  While 
it  is  clearly  attractive  to  maainiiso  robustness  at  all  stages,  it  is  also  recognised  that  much  good  work  has  been 
done  and  insight  g.Tjncd  with  the  techniques  of  system  identification  where  success  has  been  liiiiitcd  because 
of  the  fragility  of  the  results  i.c.  lack  of  robusine.ss. 


7.2  A-Priori  Information:  Experimental  Design  and  Data  Consistency 

Successful  initial  design  of  .an  identification  caperimen:  depends  eiitic.aliy  upoti  the  level  of  uneerlaiiity  wiiiiiii 
the  inforniation  available  at  the  outset,  including  the  accuracy  of  any  available  mathematical  models  of  the 
Vehicle  As  discussed  in  section  7.5  accurate  caperimenlal  design  requires  prior  knowledge  of  the  characteristics 
of  the  vehicle  and  such  information  is,  of  course,  never  lully  available.  A  second  concern  is  the  accuracy  and 
consistency  of  the  measurements  themselves;  both  of  these  issues  can  he  discussed  under  the  heading  of 
a-priori  infonnation. 

7.2.1  Kxprrimcnial  Design 

Since  experimental  designs  based  on  available  malhcmalicaJ  models  are  unlikely  to  be  optimal  due  to  model 
uncertainties,  it  is  impottant  to  lie  able  to  chaiaelcrisc  some  fliglil  or  model  test  data,  if  available,  piior  to  any 
detailed  attempts  at  expcrinienlal  design.  Such  preliminary  data  must,  of  course,  be  fcpicscniativc  of  the  flight 
condition  for  which  the  proposed  idciilirieation  tests  are  to  be  performed.  Ch.ar.ictcrisation  of  these  data  sets 
may  be  carried  out  in  terms  of  .spectral  content,  amplitude  probability  density,  maximum  e.xcursions  and  noise 
content.  Measures  such  as  these,  taken  together  with  a  mathematical  model  of  the  vehicle  and  any  other 
available  infonnation.  proviilc  useful  insiglit  which  can  have  considerable  influence  on  the  design  and  conduct 
of  flight  experiments  for  system  identification  putpro.scs. 

(,'loscly  associated  with  the  analysis  of  any  preliminary  flight  data  is  a  requirement  for  careful  assessment  of  the 
instrumentation  available  on  the  aircraft  to  ensure  that  it  is  adequate  for  system  identification  purposes. 
Questions  of  robustness  of  estimates  and  robustness  of  identification  methods  arc  closely  associated  with  the 
quality  of  the  flight  test  data  which,  of  course,  depends  ultimately  on  the  quality  of  the  instinmcnlation 

Careful  attention  to  detail  in  the  design  and  conduct  of  flight  cxperimcni.s  can  ipeally  enhance  the  eflccliven-css 
and  value  of  a  flight  test  programme.  Initial  conditions  must  be  defined  for  each  test  and  these  conditions  must 
be  rci>catable  This  is  possible  only  when  there  is  a  low  turbulence  level  which  would  of  course  apply  unlcs.s 
turbulence  modelling  is  a  specific  objcirtivc  of  the  flight  test  programiirc.  At  the  analysis  stage  it  is  therefore 
necessary  to  detemune  the  means  and  standard  deviations  of  the  records  from  all  the  channels  prior  to  the 
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application  of  (he  control  input.  I  liU  process  allows  one  lo  check  that  the  rKpiirci!  initial  slate  c.sist.i  in  tciins 
of  the  mean  values  and  that  deviations  from  this  mean  lie  below  a  defined  Ihreshold  level. 

In  the  design  <jf  flight  experiments  it  is  also  important  to  make  provision  for  fcpcalctl  testing  at  each  chosen 
test  condition.  KesuUs  fioin  icpeated  tests  must  W  cx^uiiincd  carefully  for  diflcrciKcs  Ideally  this  should  Uc 
<lone  on  board  the  aircraft  or  by  iclcmcti^  so  that  runber  testing  can  he  carricil  out  if  significant  vaiialions  arc 
detected. 

Investigation  of  linearity  is  of  great  iniportancc  and  at  each  test  p('int  inputs  stiouKl  be  applied  for  diflorvnt 
amplitudes  and  for  different  directions.  I  he  degree  of  nonlinearity  can  then  be  as.scsscd  (|iialitntivcly  and  also 
in  a  quantitative  fashion  in  terms,  for  example,  of  the  amplitude  distribution  function. 

I  he  frequency  c<intciit  of  test  signals  is  of  great  importance  for  system  identification  work  and  it  is  necessary 
to  ensure  that  the  frequency  content  of  the  lest  input  signal  used  in  a  given  application  is  appropriate  for  the 
inodrlling  objectives  in  that  particular  case  Spectral  analysis  of  the  lest  input  applied  to  the  vehicle,  coupled 
with  .similar  analysis  of  the  measured  response  variables,  car.  provide  valuable  physical  insigli*.  I’or  each  test 
conditiiin  it  is  appropriate  to  carry  out  tests  with  difTcrcnt  input  signals  selected  to  tc>ver  diffcicnl  parts  4>f  the 
frequency  range.  C'omparison.s  can  then  be  made  of  these  data  sets  with  a  view  to  establishing  any  potential 
problem  areas  for  the  subsequent  identification  process.  I'or  example,  llic  cxtciit  of  excitation  t>f  each  of  the 
states  at  a  given  part  of  the  frequency  range  can  be  of  con-siderablc  iinport.ancc.  Prior  knowledge  of  llic  slates 
which  JiTC  excited  in  a  sati.sfnctory  fashion  can  be  very  helpful  in  guiding  the  u.scr  t>f  identification  software  and 
in  interpreting  results 

If  lest  input  signals  iire  lo  be  applied  by  the  pilot  via  the  normal  controls  practical  liinitatiinis  of  accuracy  and 
repeatability  arc  encountered  both  in  tenns  of  amplitude  and  liming  The  dilTicnltics  of  applying  lest  signals 
manually  restrict  the  range  of  input  tyt>cs  which  can  he  considered  On  the  t>ihcr  hand  it  may  be  c.sscntial  in 
some  applications,  such  as  handling  qualities  studies,  for  the  pilot  lo  apply  the  lest  inputs 

Robustness  of  test  inputs  is  an  important  but  often  ncglcclc<l  aspict  of  the  input  design  process.  As  already 
di.scusscd,  only  an  apprsuimatc  model  of  the  vehicle  is  available  prior  lo  testing  and  the  inputs  used  should 
be  as  insensitive  as  possible  lo  errors  in  the  model. 

A  second  important  point  is  that  inputs  should  not  contain  a  d  o.  component  since  this  will  tend  lo  change  the 
ojicrating  condition  of  the  aircraft  away  from  the  initial  trim  state;  unless  iliis  is  speriftcally  required  (e.g. 
classical  sgrccd  -  stability  tuts  (Padficid,  1985,  [7-1]). 

It  is  possible  to  define  c<»st  functions,  in  the  frequency  domain,  which  ca.n  be  used  lo  generate  optimal  binary 
inulli'Slep  inputs  One  cost  function  w'hich  has  been  used  succcsslully  has  the  fonn  (I  -cith  et  al ,  1989,  [7  2j); 
m 

,  =  1 

whcif  i.s  llic  I oiiricr  Iraiisfortii  of  a  general  multi-slcp  .Mgiial  for  ii  step.'. 

.are  coiislants,  k  =  1,2.  ...  m 
.are  frequencies  (in  rad  s~'),  k  =  1,2.  m 

■fhe  v.alucs  of  the  weightings  and  the  frcqucntics  in  thi.s  con  function  are  elioscn  to  meet  the 
requirements  Ln  terms  of  the  frequencies  which  should  or  .should  not  be  caeilcd  by  the  input  C  livcil  the  number 
of  steps  in  the  multi-step  input  the  cost  function  is  maximised  in  tcims  of  the  timing  of  these  steps  Specifying 
a  large  positive  coelTicicr.l  results  iit  an  input  with  a  large  auto-si>cctiom  component  at  frequency  Wy. 
('onvct'cly  specifying  a  large  negative  icsults  in  an  input  with  a  small  auto-spectrum  component  at  the 
corresponding  frequency  I  liis  allovs  inputs  lo  be  synthesised  which  meet  ihc  general  guidclittcs  outlined 
above. 

ITic  wcighlLngs  chosri’  for  the  different  parl.s  of  (he  frequency  range  in  this  fonn  of  approach  can  have 
considerable  significance  in  tcims  of  robustness.  Suice  the  model  of  the  vehicle  is  not  known  exactly  the 
frequencies  of  the  natural  modes  arc  nol  known  exactly.  In  order  lo  allow  for  uncertainties,  inputs  should  avoid 
exciting  a  range  of  frequencies  around  the  predicted  position  of  each  resonance.  This  should  also  lend  to  reduce 
the  overall  sensitivity  to  errors  introduced  by  the  pilot  in  applying  Ihc  test  inputs  since  errors  in  the 
auto-spectrum  are  then  less  significaiii  in  their  elTects. 

Table  7  i  through  Table  l.S  summarise  the  lohuslneas  conditions  and  tests  for  each  asp<  cl  of  the  identificaticn 
process.  Sparcial  rccommcndhtions  are  included  svithin  these  tables  and  for  the  cxpcnmciilal  design  aspect 
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(  Table  7  I)  these  emphasise  the  ifnp<>rtan^.c  of  a  prcliininar>'  fligfil  tesf.  Results  from  the  application  of  an 
appropriate  bmad-haiul  calibration  input,  such  as  a  frequency  sweep,  should  be  of  value  in  the  cxpcrimcnial 
design  and  should  provide  us'^ful  iiifomialion  to  guide  the  initial  choice  of  a  model  structure. 

7.2.2  Kiacmatic  (IVtcasurctiiciit)  ('onsistency 

The  fact  that  flight  data  is  frequently  degraded  by  mcasurenicnl  and  process  nv)i3e  anJ  sensc'r  calibration 
inaccuracies  introduces  a  need  for  consistency  checks  on  the  data  prior  to  the  application  of  idcnlificalion 
iccliniqucs  to  estimate  aircraft  parameters.  Methods  coniinonly  used  for  the  invc.stigation  of  data  coii.si.slcncy 
involve: 

1.  simple  comparisons  between  rcdundajU  sensors, 

2.  comparisons  between  kinematically  redundant  sensors  (c.g.  comparisons  of  integrated  body  rotational 
accelerations  willi  body  angular  rates),  and 

slate  estimation  tcclmiqucs  such  a.s  the  Kalman  |•iltc^/.Slnoothor 

hnporiani  questions  of  robustness  ari.se  in  coiuicciion  with  all  of  these  methods  of  consistency  checking  In 
methods  I)  and  2)  biases  and  scale  factors  may  be  estimated  using  l-casl  Squares  or  Maximum  I  ikelihood 
techniques,  but  inslmmcni  modelling  errors  oi  the  presence  of  large  amounts  of  measurement  noise  can  cause 
problems  Stale  estimation  mcthod.s  may  be  used  to  reduce  the  uncertainty  level  associated  with  a  given  signal 
but  lhc.se  techniques  require  prior  knowledge  of  measurement  and  proct.ss  noise  statisiics  which  may  not  be 
readily  ava'lablc. 

One  approacii  to  the  investigation  of  kinematic  consistency  which  may  have  some  advantages,  in  terms  of 
robustness,  over  other  methods  involves  the  use  of  a  Bayesian  estimator  (see  section  6.J;  Black,  19^9,  [7..^]) 
Tor  such  an  e.stimator  confidence  figure.s  have  to  be  provided  for  the  initial  values  of  the  unknown  pararncters. 
Some  physical  insight  can  thus  be  incorporated  within  the  estimation  process  and  this  may  provide  benefits  in 
lenns  of  the  robustness  of  estimates  of  bias  and  scale  lacior  parameters 


7.3  Identification  I'echniques 

ItK  robustness  of  a  given  ulenlification  technique  cannot,  in  genera],  be  .ie,'>arati'd  from  questions  of 
eupcrimcntij  design,  choice  of  model  structure,  and  accuracy  of  the  resulting  estimates.  However,  in  the  context 
of  the  classification  of  robustness  issues  given  above,  the  robusrncss,  or  ofhcrwi'c,  ol  a  given  idcntirication 
technique  is  taken  to  mean  the  reliability  of  the  method  >0  terms  of  convergence  of  the  optimisation  procedure, 
su.sceplihility  to  rneasurctnent  and  process  noise,  .and  accuracy  of  initial  parameter  csliinalcs, 

Klchi  (1979,  [7.4J)  has  provided  a  useful  .summary  of  int  identification  techniques  generally  applied  to  aircraft 
parameter  estimation.  Tlit  pa|)cr  gives  the  theoretical  properties  of  a  runber  of  diPferent  estimators.  Hiesc 
properties  provide  useful  pointers  with  rega'd  to  queslion.s  of  robustness 

f'or  example,  in  its  most  grncia)  form,  the  Maximum  Likelihood  method  provides  a  means  of  obtaining 
parameters  for  a  linearised  aircraft  model  from  flight  data  involving  both  measurement  noise  and  process  noise 
On  the  other  hand  other,  less  general  ,  fomis  of  output  error  method  arc  based  upon  an  assumption  that  only 
measured  outputs  are  corrupted  by  noise  and  that  the  aitcraft  exiscricnccs  no  gusts  or  other  unmodelled 
disturbances  In  the  presence  of  proces.i  noise,  such  as  atmospheric  disturbances,  results  from  output  eiror 
methods  can  be  significantly  degraded,  leading  to  poor  estimates  which  show  large  variances  or  high 
currclaticna.  Ihc  variance  of  estimates  obtained  u.sing  equation  error  methods  is  affected  not  only  by  process 
noise  but  also  b>  the  noise  level  associated  with  all  the  measurements  and  ihe  estimates  themselves  can  be 
sigtiiiica.itly  biased  u.sing  this  approach  even  if  ihe  measurement  noise  and  procc.ss  r  oisc  coreponcnls  have  r“ro 
mean  value. 

Comparisons  of  the  robustness  of  diflcrcnl  techniques  can  only  be  carried  out  if  they  'r,  volvc  tests  in  which 
each  method  is  assessed  using  the  same  sel.s  of  flight  data.  Ihe  robur.tncss  o'  a  given  technique  can,  of  cour.se, 
be  influenced  considerably  by  the  software  implementations  and  cveiy  effort  must  be  made  to  ensure  that 
identification  Icehniquc?  are  not  being  degraded  by  poor  software  design. 

Other  factors  to  be  considered  in  making  eomjiarisons  of  this  kind  include  the  form  of  model  under 
consideration  (e  g  state  space  or  transfer  function)  and  Ihc  parlieulcj  flight  conditions  included  in  the  chosen 
data  sets  ujxtn  which  the  comparisons  arc  based. 


Ihc  case  of  use  of  a  method  and  the  form  of  interface  provided  in  a  particular  computer  implementation  arc 
matters  which  are,  in  principle,  quite  separate  from  questions  of  robustness.  However,  the  diagnostic  tools 
incorporated  within  a  particular  .software  implementation  can  be  of  considerable  importance.  Robustness 
problems  may  well  remain  undetected  unless  the  user  is  confronted  with  relevant  evidence  concerning 
confidence  intervals,  goodness  of  fit  and  cost  function  values.  11115  implies  a  need  for  a  'veil  designed,  (Ictuble, 
user  interface  with  extensive  provision  for  graphical  output. 

Ilie  special  recommendation  presented  in  I'able  7.2  for  this  aspect  of  the  identification  process  relates  to  the 
need  for  idcnlificalion  tools  to  incorporate  a  full  and  well-cngiriecrcd  user  interface  which  provides  information 
concerning  factors  such  as  the  goodness  of  fit.  confidence  intervals  of  estimates,  the  sensitivity  to  changes  of 
model  structure  -and  the  sensitivity  to  changes  in  test  condition,  flood  graphics  facilities  are  an  essential  part 
of  this  user  interface. 


7.4  Model  Structure 

Questions  of  robustness  in  terms  of  the  estimation  of  model  structure  arc,  for  linear  six-Jegree-of-freedom 
rotorcraft  identification,  traditionally  linked  to  problems  associated  with  equation  crior  identification  methods 
and  to  techniques  for  Ihc  determination  of  model  order  in  transfer  function  models  However.  Ihc  use  of 
p.scudo-control  inputs  (e  g.  Black  cl  al..  1987,  [”’.5])  or  the  method  of  successive  lesicluals  (DuVal  et  al  ,  198.1, 
[7.6])  as  a  moan.s  of  reducing  the  complexity  of  the  parameter  estimation  problem  also  involves  decisions  which 
relate  implicitly  to  the  model  structure,  and  may  have  a  hearing  on  Ihc  accuracy  of  the  estimates  of  the 
associated  parameters. 

In  broader  (crms  the  model  stmclure  estimation  process  implies  an  activity  in  which  the  model  may  be 
expanded  in  a  number  of  diftereiil  dimensions.  ITie  numlicr  of  degrees  of  freedom  is  the  most  obvious  measure 
of  complexity  of  a  model  structure  but  this  aspect  cannot  be  separated  from  questions  ol  bandwidth,  amplitude 
and  helicopter  components.  It  is  vital  to  recognise  that  in  the  development  of  a  model  slrucfutc  vve  can  expect 
to  sec  dramatic  changes  in  effective  parameters  as  the  model  is  expanded. 

I'or  example,  the  parameters  of  a  low-ircqucney  reduced-order  model  may  change  significantly  as  addilional 
degiccs-of-trccdom  are  introduced  or  the  bandwidth  is  increased  Such  changes  demonstrate  very  clearly  Ihc 
weakness  of  reduced-order  models  when  used  outside  their  proper  range  of  application. 

One  important  indicator  of  problems  associated  with  model  simctuic  is  provided  by  the  residuals  which  arc 
obtained  following  the  parameter  estimation  stage  of  the  idcnlificalion  Correlated  icsiduals  can  often  be  an 
indicator  of  a  possible  problem  associated  with  the  model  structure.  The  form  of  the  residuals  when  interpreted 
with  with  physical  understanding,  may  provide  clues  concerning  the  precise  nature  of  this  problem  and  the 
steps  to  be  taken  to  correct  the  model  structure.  Practical  difficulties  can  arise,  however,  because  of  the  fact  that 
large  residuals  may  also  result  from  the  presence  of  correlated  measurement  noise  in  the  measured  flight  data, 
or  from  the  fact  that  a  particular  response  variable  is  of  very  small  ampliludc,  or  from  nonlinea  rities. 

Ihe  step-wise  regression  procedures  available  within  the  Optimal  Subset  Regression  (OSR)  program  (Padficld 
et  al.,  1987,  [7.7])  allow  the  estimation  of  a  first  approximation  to  the  parameter  estimates  in  a  class  of  model 
structures.  I'liis  form  of  equation-error  estimation  provides  one  very  convenient  way  of  exploring  'he  abUity 
of  difTerei:'.  linear  and  nonlinear  model  structures  to  fit  flight  measurements  llie  stcp-wi.se  regression  procedure 
applies  the  Ixast  Squares  fit  in  a  sequence  of  steps,  each  time  adding  or  deleting  an  additional  independent 
variable  to  the  regression  equation  until  a  best  fit  is  achieved.  At  each  stage  the  variable  chosen  for  entry  to  the 
regression  is  Ihc  one  having  the  highest  partial  correlation  with  the  residual.  In  this  process  the  multiple 
correlation  coefficient,  R,  is  a  direct  measure  of  the  accuracy  of  fit  while  the  total  f-ralio  provides  a  measure 
of  the  confidence  ascribed  to  the  fit  The  partial  F-ratios  for  individual  parameters  provide  individual  confidence 
measures.  Both  R  and  the  F-ratios  are  tracked  during  the  regression  process  in  order  to  determine  the 
maximum  total  and  partial  f-ralios.  Ihc  regression  is  terminated  when  eithei  fl*  reaches  a  pre-defmed  value 
or  the  individual  F-raiios  of  remaining  parameters  fall  below  a  specified  critical  value.  An  example,  described 
by  Padficld  el  al.  (1987,  [7.7])  has  illustrated  Ihe  value  of  this  process  for  Ihc  case  of  a  |>cdal  doublet  response 
in  which  it  was  found  necessary  to  restrict  the  estimated  model  slnrcture  to  simp'e  lateral  and  directional 
motions.  Ihe  relationship  between  the  stability  of  the  Dutch  roll  and  the  flight  path  angle  was  being 
investigated  and,  although  it  was  found  initially  that  the  predictive  capabilities  of  the  simulation  model  were 
poor,  a  reduced-order  upgraded  model  based  on  flight  data  provided  greater  insiglit  conceming  the  mechanisms 
of  stability  loss  with  cbmb  angle. 
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llie  incorporation  of  pure  lime  delays  within  the  model  stpjcture  can  lead  to  improved,  and  more  robust 
estimates  of  derivatives  within  the  six-degrees  of-frccdom  form  of  description  m  cases  where  these  derivatives 
are  susceptible  to  rotor  transient  effects  which  are  not  included  in  the  assumed  model  structure 

In  addition  to  bandwidth  and  amplitude  a  third  important  model  dimension  relates  to  the  vehicle's  physical 
components  e  g.  main  rotor,  tail  rotor  etc.  Without  the  use  of  rpccial  load  cells,  however,  knowledge  of 
individual  component  contributions  to  force  and  moment  derivatives  is  very  difficult  to  extract.  However,  in 
some  situations  certain  components  dominate  and  in  others  the  relationship  between  the  components' 
contributions  to  dilTcreiil  parts  of  the  model  structure  are  known  and  can  be  used  to  support  the  analysis. 

It  is  recommended  in  Table  7.3  that  increased  emphasis  should  be  given  to  establishing  a  valid  model  structure 
prior  to  the  parameter  estimation  stage  of  the  identification  process  In  order  to  do  this  more  reliable  techniques 
are  needed  for  the  estimation  of  model  structure. 


i 

I 
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7.5  Parameter  Estimates 


(3ne  indicator  of  the  robustness  of  parameter  estimates  is  the  value  of  the  associated  variance  It  should  be 
noted,  however,  that  comparison  of  variance  values  obtained  using  dilTercnl  model  structures  is  net  valid. 

As  mentioned  under  the  heading  of  model  structure,  checks  of  residuals  can  provide  additional  Insight 
concerning  questions  of  accuracy  If  the  identification  process  is  completely  accurate,  both  in  terms  of  model 
structure  and  parameter  estimates,  the  residuals  will  lake  the  form  of  while  noise.  I'hc  whiteness  of  re.siduals 
is  conventionally  tested  by  dclcrituning  the  autcconelalion  function  of  the  residual  sequence. 

An  additional  measure  of  the  robustness  of  parameter  estimates  may  be  provided  by  plots  of  the  pajameter 
value  versus  the  length  of  the  record  used  for  the  identification.  The  plots  for  each  parameter  should  of  course 
converge  to  a  constant  value  as  the  record  length  increases.  An  example  for  the  case  of  the  I’uma  helicopter 
may  be  found  in  (Black  et  aj ,  1989,  [7  5J)  which  includes  a  graph  showing  the  dependence  of  cstimalcs  and 
the  associated  variances  on  record  length  for  a  particular  flighi  experiment. 

'I'hc  sensitivity  of  parameter  estimates  to  the  frequency  range  of  the  data  used  in  the  estimation  process  tan 
also  be  revealing  and  can  provide  a  measure  of  the  robustness  of  parameter  estimates.  High  sensitivity  to  the 
inclusion  of  additional  frequencies  in  the  range  used  for  identification  i.t  a  good  indicator  of  prcbl.sm.s  in  the 
experimental  design  or  model  structure  determination  stages,  lissentially  the  requirement,  in  terms  of  the 
freque.ncy-domain,  is  to  establish  the  range  of  frequencies  over  which  pujameter  estimaic.s  are  essentially 
constant  'I'his  process  should  then  lead  to  an  identified  model  which  is  vahd  for  that  frequency  range 
lugure  7.1  .shows  the  results  of  a  study  (presented  in  section  8.3  6)  of  the  en'cci  of  frequency  range  on  a 
parameter  estimate  and  the  associated  fit  cost.  Ihc  rapid  rise  in  the  cost  function  for  including  dynamics  above 
14rad/s  is  due  to  the  inabdily  of  the  quasi-steady  rotor  modelling  to  characterise  the  coupled  body/rolor 
nature  of  the  true  response  It  has  been  found  that  the  utility  of  quasi-steady  models  which  approximate  the 
rotor  characteristics  by  an  equivalent  time  delay  can  be  incieased  if  the  data  is  band-limited  to  below  the  rotor 
Happing  frequency  (13  rad/s  in  litis  case)  before  the  idenlificalion  is  ca.ried  out.  Although  coupled 
rotor/Happing  instability  is  not  represented  in  Ihc  resulting  bajid-limitcd  qiiasi-slcady  models  the  resulting 
description  is  still  of  value  for  cslunalion  of  control  system  performance 

i  he  robustness  of  parameter  estimates  is  closely  associated  with  questions  of  experimental  design  and  the 
spectral  behaviour  of  the  system  Placischke  ct  al.  (1979,  [7  8])  have  discussed  the  general  problem  of 
idcniifiability  of  derivatives  and  has'c  proposed  the  use  of  frequency-domain  techniques  for  idcntifiabilily 
investigations.  Kalctka  (1979,  [7  9])  has  also  proposed  a  method  for  isolation  of  significant  parameters 
involving  measures  based  upon  limc-dnrnain  quantities.  Both  ol  these  approaches  provide  powerful  tools  to 
isolate  significant  terms  and  identifiable  parameters  within  the  model  equations,  (.'learlv,  as  is  emphasised  in 
'I'able  7.4,  c.stimated  parameters  should  show  low  sensitivity  to  record  length  in  both  llie  lime  domain  and 
frequency  domain. 


7.6  Overall  Robustness  of  the  Model 

f^hccks  of  the  overall  accuracy  of  the  model  resulting  from  Ihc  identification  process  can  be  obtained  by 
carrying  out  tests  on  the  model  using  data  sets  which  were  not  used  in  the  idcntificallori  process.  1  he  selection 
of  such  data  sets  to  be  used  for  model  checking  can  present  problcrns  in  that  they  must  be  broadly  similar  to 
the  .sets  used  for  the  identification  in  terms  of  their  spectral  properties  and  amplilude  and  energy  distributions 
If  the  differences  between  Ihc  model  responses  and  the  corresponding  measured  variables  are  all  sufficiently 
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small  Ihc  identified  model  can  then  be  accepted  as  a  candidate  model  for  the  chosen  flight  condition.  It  will 
not,  however,  be  a  unique  representation  and  it  is  po.ssible  that  other  models  could  give  similar  results. 

An  additional  check  can,  of  course,  be  provided  by  carrying  out  repeated  njns  at  the  same  nominal  test 
condition  using  the  same  expenmenial  design.  An  assessment  of  the  changes  of  structure  and  parameter 
estimates  under  these  cirrumstanees  can  be  very  revealing,  especially  when  the  extent  of  Ihc  model  distortion 
is  related  to  the  error  bounds  of  the  estimated  model  parameters.  The  situation  is  unsatisfactory  if  the  v.ariations 
of  parameters  derived  from  tests  carried  out  under  nominally  Ihc  same  conditions  are  greater  than  the  estimated 
error  bounds.  An  example  of  this  type  of  problem  can  be  found  in  results  obtained  from  the  Puma  helicopter 
using  lateral  cyclic  test  inputs  where  Ihc  distribution  of  damping  appears  to  be  diiTerent  for  results  involving 
movement  to  the  riglit  and  to  the  left,  lixcelicnt  verification  results  were  obtained  in  one  ease  but  not  for  the 
other  (I'igurc  7.2).  One  of  the  recommenda'ions  shown  in  Table  7.5,  is  that  appropriate  design  criteria  should 
be  established  foi  verification  inputs. 

Responses  obtained  using  othci  lest  inputs  arc  bound  to  give  differences  in  the  a,mi)litude,  frequency  and 
distribution  of  energy  between  slate  variables  and  are  thus  likely  to  give  different  pjarameter  estimates.  '1  he 
differences  may  however  be  understandable  in  terms  of  physical  reasoning  and  polenti.ally  useful  information 
can  sometimes  be  obtained  by  making  comparisons  of  results  from  a  number  of  lest  sign.als. 

It  is  also  very  useful,  when  comparing  parameter  estimates  with  theorci  :a]  predictions,  to  examine  the  trend 
of  Ihc  estimated  parameters  with  some  fundamental  rolorcraft  quantity  defining  Ihc  flight  condition  Such 
quantities  include  .sp.ed,  rate  of  climb  or  descent  and  turn  rate.  As  pointed  out  by  lliff  ( I'l79,  [7. 10])  this  simple 
technique  can  provide  much  valuable  insigitt  and  is  readily  applied  to  aircraft  where  manoeuvres  are  small 
perturbations  about  a  point  in  .a  much  larger  envelope. 


7.7  Conclusions  and  Reconuiieudations 

Ihc  robustness  conditions  and  as.socialed  tests  proposed  in  the  previous  sections  can  be  summarised  in  the 
form  of  T  able  7  1.  through  Table  7.5,  I'oreach  robuslnc.ss  condition  it  is  possible  to  define  one  ot  more  tests 
which  may  be  of  value  In  some  eases  the  proposals  which  have  been  made  arc  very  tcnt.ati'.  c  and  it  in  unlikely 
that  any  examples  exist  where  all  these  robustness  tests  have  been  applied  in  a  systematic  fashion  Many  eases 
do  exist,  however,  in  which  some  of  the  robustness  tests  shown  in  Table  7  1  through  T  able  7.5  have  been 
applied  and  where  valuable  insight  has  been  obtained  from  thebr  use. 

TTiis  analysis  of  robustness  issues  also  highliglits  some  of  the  reasons  for  the  reluctance  shown  by  industry  in 
the  past  to  adopt  system  identification  methods  for  routine  application. 

Special  recommendations  are  also  presented  in  Table  7.1  through  Table  7,5  for  each  aspect  of  the 
identification  process  These  provide  a  summary  of  the  more  detailed  recommendations  contained  in  each  of 
Ihc  earlier  sections  of  this  chapler.  li  is  believed  that  the  presentation  of  robustness  issues  aiid  corresponding 
tests  in  this  way,  together  with  these  recommendations,  can  help  to  define  a  set  of  tools  necessary  for  the 
successful  application  of  system  identification  techniques  for  rolorcraft 
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Robu«tn«s<  Conditions 

Robustness  Tests 

Special  Recommendations 

Precision  and  repeatability  of 
initial  conditions 

Analysis  of  mean  and  standard 
deviation  of  all  channels  prior  to 
control  Input 

Tiie  experimeniai  design  proc¬ 
ess  should  Incorporate  a  pre¬ 
liminary  nigiit  lest  lo  categorise 
the  dynamic  system,  including 
sensors,  actuators,  control  sys¬ 
tem  and  airframe.  Results  from 
this  test  should  guide  the  design 
ol  optimal  test  inputs  for  system 
Identirpcalion  and  should  Influ¬ 
ence  the  choice  ol  model  struc¬ 
ture. 

Rcpcitawility  of 

Inputs 

Repellllon  of  ninht  tests  and 
analysis  of  differences  between 
responses 

Linearity 

Repetition  of  flight  tests  using 
different  amplitudes  and 

directions  of  lest  signals 
Examination  of  amplitude  dis¬ 
tribution  functions 

Low  correlation  between  control 
inputs  and  between  states 

Correlation  analysis  ol  records 

Frequency  content  of  test  Input 
in  relation  to  modelling  require¬ 
ment 

Spectral  analysis  of  records 

Table  7.1.  Robustness  Aspect  of  the  Experimental  Design 
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Robuk dies*  Conditions 

Rcbuatnaaa  Teats 

Special  Recommendattona 

Susceptibility  of  method  to 
measurement  noise 

Examination  of  theoretical  prop¬ 
erties  of  the  method 

Results  obtained  from  applica¬ 
tion  of  method  to  simulated 
response  data  with  added  noise 

Identiricatlon  tools  must  Incor¬ 
porate  a  full  and  well  engi¬ 
neered  user  Interface  exploiting 
maximum  use  of  simple  graph¬ 
ics.  The  tools  should  provide 
Information  on  goodness  of  fit. 
confidence  intervals,  sensitivity 
to  changes  In  lest  condition  and 
model  structure,  etc. 

Susceptibility  of  method  to  pro 
cesii  noise 

Examination  of  thecrellcal  prop¬ 
erties  of  the  method 

Results  obtained  from  applica¬ 
tion  of  method  to  simulated 
response  data 

Table  7.2.  Robustne.ss  Aspect  of  the  Identification  Technique 

Robustness  Conditions 

Robustness  Testa 

Special  Recommendations 

Suitability  of  initial  choice  of 
model  structure 

Application  of  and  F-ratIo 

tests  in  stepwise  regression 
procedure 

More  emphasis  must  be  given 
to  establishing  a  valid  model 
structure  before  proceeding  to 
the  parameter  estimation  stage. 
Reliable  tools  for  the  assess¬ 
ment  of  model  structure  are 
required. 

Suitability  of  model  transfer 
function  order 

Examination  of  residuals  in  fre¬ 
quency  domain 

Presence  of  signiricani  unmo¬ 
delled  dynamics 

Examination  of  residuals 
Examination  of  effects  of  Intro¬ 
ducing  pure  lime  delay 

Table  7.3.  Robustness  Aspect  of  the  Identified  Model  Structure 

Robustness  Conditions 

Robustness  Taats 

Range  of  parameter  estimates 
found  from  dirferenl  tests 

Examination  of  variance  values 
provided  by  the  chosen  esti¬ 
mation  method 

Examination  of  residuals  to 
establish  whether  they  show 
white  noise  properties  (eg.  by 
autocorrelation  analysis). 

Esiimated  parameters  should 
show  low  sensitivity  to  record 
length  In  both  the  frequency 
domain  and  time  domain. 

Dependence  of  estimates  on 
record  length. 

Repeat  estimation  process  lor  a 
variety  o(  different  record 
ter;gths 

Dependence  of  estimates  on 
frequency  range  used  tor  estl- 
mstlon 

Repeat  estimation  process 
using  frequency  domain 

approach  for  a  number  of  differ¬ 
ent  frequency  ranges 

Table  7.4.  Robustness  Aspect  of  (he  Estimated  Parameters 

Robuttnass  Conditions 

Robustness  Tasta 

Special  Racommandattona 

Overall  adequacy  of  estimated 
model  structure  and  parameters 

Examination  of  residuals 

Design  criteria  are  needed  lor 
verification  inputs  to  establish 
model  properties  In  terms  of 
distortion  of: 

1)  Model  responses  when  sub- 
jectad  to  verification  Input 

2)  Model  parameters  for  verifi¬ 
cation  Inputs 

Model  distortion  elTects  when 
used  with  verification  Inputs 

Analysis  of  flight  lest  data  for 
verlflcation  Inputs 

Table  7.S.  Robustness  Aspect  of  the  Resulting  Mathematical  Model 
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8.  Application  of  Identiflcation 
8.1  Simulation  Model  Validaiion'^) 


8.1.1  Introduction 

The  poteiUiaJ  of  piloted  sinnul?t:f:n  as  a  flight  dynamics  and  pcifonnance  support  tool  is  considerable  both  in 
research  and  project  applications,  from  design  through  development  and  certiTication.  Some  uses  arc  listed 
below: 

•  Developing  control  laws  for  handling  qualities  and  disturbance  rejection. 

•  Checking  compliance  with  flying  qualities  requirements  for  mission-task-elcnienls  and  general  flying  tasks. 

•  Checking  adequacy  of  control  and  stability  at  the  edges  of  the  flight  envelope 

•  Establislung  control  strategy  following  engine  failure  during  various  flight  phases  e  g.  take-off. 

•  Developing  functional  integration  of  flight  control  with  navigation,  fue  control,  engine  control  systems 
etc. 

•  Development  of  display  formats  for  operations  in  reduced  usablc-cue-ensironmcnts. 

In  addition,  the  value  of  simulation  in  pilot  training  is  very  high  both  in  .reducing  fl-ghl  hours  required  and 
improving  safety.  Eaarnpics  include  procedural  operations,  tactical  operations  and  emergency  situations. 

Confidence  in  the  results  of  simulation  in  these  applications  can  be  directly  related  to  the  fidelity  or  validity 
of  the  simulation,  encompassing  the  full  range  of  cues  to  which  the  pilot  is  caposed.  At  a  fundamental  level 
all  cues  are  generated  by  the  mathematical  model  at  the  heart  of  a  simulation  and,  while  it  is  not  .sufficient,  it 
is  certainly  necessary  that  a  model  must  be  a  valid  representatior.  of  the  real  world'  to  be  fit  for  useful  work. 
In  a  general  sense,  validation,  as  an  activity,  refers  to  establishing  the  range  and  accuracy  of  a  theoretical  model 
for  predicting  the  behaviour  of  a  dynamic  system  In  response  to  operator  (e  g.  pilot)  commands  and  eatemal 
disturbances  (e  g.  gusts).  The  activity  can  better,  and  more  appropriately,  be  described  as  calibration,  high¬ 
lighting  the  need  for  a  scientific  approach  to  the  design  of  supporting  experiments,  in  addition  to  the  a.neri«list 
ettorts  required  tor  interpretation  and  attalysis.  The  modelling  range  can  be  conveniently  defined  in  terms  of 
frequency  and  amplitude  which,  structurally,  reflects  the  modal  content  and  degree  of  nonlinearity.  Many  of 
the  rotorcraft  modelling  assumptions,  le.g.  for  inflow  distribution,  blade  dynamics,  interference  effects  etc)  will 
have  a  limited  range  of  fairly  precise,  and  a  broader  range  of  marginal,  validity  In  combination,  the  complete 
validity  is  difficult  to  quantify  and,  as  in  so  many  things,  depends  upon  the  application.  But  validation  is  also 
much  more  than  calibration  as  an  activity;  making  belter  or  improving  are  implicit  in  the  process  of  validation, 
and  any  method  that  defines  the  limits  of  application  of  a  model  should  also  be  able  to  identify  the  modelling 
features  needing  further  development  or  the  areas  where  assumptions  are  bieaking  down. 

The  role  of  system  identification  in  the  validation  activity  is  illustrated  in  Figure  8.1.1.  Parameters  in  an  iden¬ 
tified  model  structure,  derived  from  test  data  are  compared  with  the  same  physical  parameters  in  a  theoretical 
model.  The  quality  of  the  comparison  will  determine  the  verification  effort  required  using  different  data  sets 
and  whether  a  model  upgrade  or  further  experiments  need  to  be  conducted.  The  product  of  this  incremental 
and  iterative  exercise  is  a  ainiulation  model,  fit  for  use  over  the  range  of  conditions  coveted  by  the  experiments; 
in  practice,  of  cotuse.  use  is  likely  to  be  extended  beyond  this  range,  towards  conditions  uncharted  in  the 
real-flight  envirorunent,  often  fur  safety  reasons.  The  importance  of  validation  for  this  special  application  is 
paramount. 


8.1.2  Validalloa  Criteria  -  Model  Accuracy  and  Range 
8.1.2. 1  Ccfieral 


Scope 

When  discussing  model  range  and  accuracy  it  is  important  to  define  exactly  what  the  model  is  intended  to 
predict.  !n  flight  dynamics  the  three  important  issues  are  trim,  stability  and  response.  In  mathematical  terms, 
these  three  problem  areas  can  be  expressed  as  difiereni  solution  forms  of  the  genera!  nonlinear  evolutionary 
equations  of  motion  (ignoring  hereditary  cSTccts), 
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--/(x.u.O  (8  1.1) 

where 

•  x(r)  is  the  state  vector  comprising,  in  general,  both  fuselage  and  rotor  states; 

•  f(x,  u.  ()  is  a  general  forcing  function  comprising  contributions  from  inenial,  gravitational  and  aerodyna¬ 
mic  sources  and  an  explicit  dependence  on  time  to  allow  for  prescribed  disturbances  and  nonstationary 
effects, 

•  U(f)  is  the  control  vector 
The  trim  solution  is  given  by 

f(x,.  Uo)  -  0  (8  1.2) 

where  the  subscript  e  refers  to  the  eqiiibbrium  or  trim  values. 

Idle  stability  solution  is  given  by 


where  the  values  of  4  correspond  to  the  exponents  of  the  small  perturbation  exponential  transients  exp(/((),  i  e 
the  eigenvalues  of  (dt/dx)^^. 

The  response  solution  is  given  by, 

Xvt)  X,  u.  f )  df  (6  1.4) 

Model  accuracy  is  theiefons  related  to  the  controls  u,  required  to  hold  a  stale  x,,  the  location  of  the  system 
eigenvalues  and  associated  vectors  and  the  time  response  x(()  to  control  inputs  and  disturbances  expressed 
in  the  time  or  frequency  domain. 

All  three  need  to  be  quantified  to  give  a  comprehensive  measure  of  model  accuracy.  Just  how  accurate  the 
model  has  to  be,  relative  to  the  real  world,  depends  upon  the  application.  Tor  example  the  examination  of 
trends  during  research  and  feasibility  studies  is  not  nearly  as  critical  as  predicting  handling  and  control  problems 
in  a  Piglil  envelope  expansion  test  programme.  On  the  other  hand,  if  the  flying  qualities  requirements  are  a 
primary  design  driver  in  a  particular  area,  then  predicting  the  correct  behaviour  at  the  earliest  possible  stage 
of  a  project  is  veiy  desirable 


Accuracy 

Having  argued  that  there  can  be  no  absolute  criteria  for  the  validity  of  a  simulation,  we  can.  however,  propose 

a  set  of  tentative  target  criteria  for  the  all-purpose'  simulation. 

•  Predicted  trim  states  should  match  flight  estimates  to  within  5%  of  full  trim  range  for  controls,  atlilude.s 
and  power  requirements.  This  criterion  is  partly  justiTied  with  the  argument  that  at  the  flight  envelope 
limits,  a  10%  margin  in  control  should  be  available  for  recovery  in  emergencies. 

•  Predicted  stability  should  match  flight  estimates  to  within  5%  of  the  modulus  of  the  corresponding 
eigenvalue  (or  largest  system  eigenvalue?). 

•  Predicted  response,  in  the  extended  format  of  Mil  Spec  8501  (revised.  Iloh  et  al.,  1988,  [8.1.8]),  or  the 
Aeronautical  Design  Standard  version  (ADS-3JC,  1989,  [8.1.1]),  derived  from  time  and  frequency 
responses  to  controls  and  disturbances,  should  match  flight  estimates  to  within  5%  of  full  response  range. 
This  crilerioti  does  not  include  the  standard  time  history  comparison  test,  on  the  grounds  that  long  term 
departures  of  flight  and  simulation  responses,  following  initial,  short-duration,  control  or  disturbance 
inputs,  do  not  generally  imply  poor  validation;  the  smallest  difference  in  initial  conditions  or  modelling 
errors  'vill  always  integrate  to  large  values  given  enough  time,  and  accurate  piecewise  comparisons  of  lime 
histories  after  20  or  30  seconds,  for  example,  is  an  imreasonable  validation  test.  The  moviiig  window  cri¬ 
terion  (Clark,  1989,  [S.  1.5])  deflning  the  extent  of  acceptable  time  response  matching,  has  however  been 
used  as  a  validation  criterion  for  short-duration  responses.  The  5%  bracket  again  seems  reasonable,  but 
its  use  should  be  Untiled  to  only  the  first  few  seconds  of  the  response  to  a  discrete  input. 


I'or  particular  applications  llie  criteria  may  not  need  to  be  as  stringent  as  above.  l  iscWci,  for  example,  presents 
cnieria  for  the  engineering  validation  of  a  nonlinear  simulation  model  to  be  used  for  piloted  investigations  of 
helicopter  accidents.  I'or  short  tenn  responses:  the  peak  value  and  S0%  rise-time  of  the  simulation  and  fliitht 
values  shall  match  to  within  20%  of  the  flight  values-  I-'or  long  tenn  responses,  the  stability  trends  shall  he  con¬ 
sistent  with  the  flight  data  f'or  ofT-anes  re.sponse.  the  trend  of  the  response  shall  have  the  correct  signs  following 
the  on-axes  input  during  the  time  period  up  to  100%  rise-time.  'I'o  be  truly  valid  in  itself,  a  .set  of  siniulation 
validation  criteria  must  be  substantiated  by  pilot  subjective  opinion,  supported  by  aiialy.sis  quantifying  the  level 
of  similarity  between  pdot  control  strategy  in  flight  and  simulation. 

1  his  is  still  a  very  imniature  topic,  requiring  fundamental  research  to  establish  rules  and  how  they  relate  to  the 
dilTeicnt  application  areas. 

Range 

Hefore  discussing  the  application  of  .system  identification  to  these  three  problems,  some  definition  of  the  range 
of  validity  is  required  The  natural  dimensions  of  model  range  are  frequency  and  amplitude  and  all  three  llight 
dynamics  problems  are  relevant 

•  Trim  states  are  defined  by  the  envelope  of  velocity  (air.ipccd  V).  flight  path  angle  (g),  sideslip  angle  (/?) 
and  turn  rate  (Cj),  achievable  or  requited,  within  the  limits  ol  the  control  ranges,  power,  aerodynamic  or 
structural  limits.  With  four  controls  available,  only  four  vchiel;  stales  can  be  defined  independently  and 
the  selection  given  here,  although  arbitrary,  is  a  natural  pilotuig  choice  of  primary  variable.s  In  this  c.ase, 
the  secondary  trim,  variables  arc  the  body  attitudes,  (*P.  0.  0),  rates  (p.  q,  r ),  velocity  components  ( 
u.  V.  w ),  torque,  rotoispecd  and  corresponding  rotor  flap  and  lag  angles. 

•  Ibe  range  over  which  the  rotorcrafl  stability  is  to  bo  assessed  can  be  dcfiticJ  by  a  bounded  region  in  the 
complex  plane,  that  includes  all  coupled  rotor/Tusclagc  modes  that  impact  on  the  flight  dynamics  problem 
under  investigation.  In  addition  to  the  usual  linear  behaviour  about  trim  .stales,  the  slabilily  analysis 
should  also  encompass  any  limit  cycle  behaviour  through  equivalent  linearisation  or  a  describing  function 
approach  where  possible. 

•  I'he  re.sponse  problem  presents  the  greatest  challenge,  with  respect  to  the  validation  range,  AnS-3,l(' 
presents  .•espotisc  criteria  in  diiTeieni  forms  depending  on  the  re.sponse  ampliltide.  In  general,  small 
amplitude  response  is  governed  by  the  bandwidth  criterion,  moderate  amplitude  by  the  quickness  oi 
attack  parameter,  and  large  amplitudes  by  the  control  power 

Three  features  of  ADS-3JC  arc  worth  highlighting,  however. 

1.  They  icpresent  minimum  acceptable  criteria,  and  therefore  do  not  necessarily  require  a  vehicle  or  simu¬ 
lation  to  be  exercised  across  its  full  dynamic  range. 

2.  They  represent  necessary,  but  not  necessarily  sullicient,  criteria  Tor  example,  the  formal  is  single 
input/single  output  while,  in  practice,  e  simulation  has  to  be  good  for  situations  where  the  pilot  uses  a 
combination  of  contiols  to  manoeuvre  from  one  trim  state  to  another. 

3.  AIXS-33C  is  a  format  based  on  a  collection  of  one  or  two  parameter  criteria,  and  the  method  of  extracting 
the  parameters  from  test  data  is  clearly  defined.  In  particular,  with  one  or  two  exccptiou.s,  the  parameters 
arc  not  derived  from  an  assumed  model  structure  so  much  as  direct  poiniwise  extraction  from  graphical 
data,  hence  system  identiflcalion  would  appear  to  have  litllc  to  contribute;  this  aspieci  is  pursued  further 
in  the  next  section,  and  in  mo-re  detail  in  8.2. 

While  the  new  flying  qualities  formal  has  its  shortcomings,  these  are  generally  acknowledged  and  exist  because 
of  the  inadequate  database  of  test  results  available  from  which  to  construct  the  criteria.  .As  a  ilerinilion  of 
lesponsc  range  it  is  certainly  incomplete  but  is  recommended  here  as  a  starling  point;  more  work  is  needed  to 
develop  and  expand  the  format  to  provide  a  comprehensive  set  able  to  exercise  fully  the  vehicle  dynamics. 

8. 1.2.2  Applications 

System  identification  is,  in  a  general  .sense,  a  sophisticated  form  of  curve  fitting  and  has  application  to  all  three 
problem  areas 

•  trim. 

•  stability,  and 

•  dynamic  response. 
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Practically  all  the  published  work  oa  rolo.'craA  system  ideiitidcatinn  has  been  concerned  with  linearised  models 
and,  with  some  notable  exceptions  (PadfieW  (editor),  1^89,  [8.1. 12J),  with  conventional  six  dcgfcc*of*fieedom 
model  siniclurea.  ’1‘hc  evolutionary  equatkms  for  small  perturbation  about  a  iiim  condition  take  the  form, 

---Ax  -  Bu  +  g(0  (8 'I  5) 

where 

X  e  {u,  V,  w.  p,  q.  r,  O,  0)^. 

ti  *  ^pod-  * 

A  and  B  are  the  state  and  control  matiices  of  stability  and  control  derivatives  respectively  and 
g(r)  IS  a  general  vector  forcing  function. 

Wliilc  the  tnin  and  response  problems  arc  inherently  nonlinear,  some  useful  results  can  be  derived  using  the 
linearised  form  given  by  equation  (8.1  5). 

Irim 

I'or  the  trim  problem,  system  identification  can  be  applied  to  the  steady-state  algebraic  form  i>f  equation 
(8  1..^).  I.et  be  the  matrix  of  unknown  aerodynamic  derivatives  and  A,g  be  the  matrix  of  inertial  and  gravi¬ 
tational  derivatives,  then  equation  (8.1.5)  can  be  written  as 

(A„B)(*)  =  -A,gX  (816) 

In  principle,  a  wide  enough  range  (over  small  amplitudes)  of  new  trim  conditions,  close  to  the  original,  can 
be  established  to  enable  estimates  of  derivatives  or,  in  most  cases,  ratios  of  derivatives  to  be  derived  from  the 
lesl  data,  lixamplcs  from  classical  stability  and  control  testing  include  the  speed  stability  denvalive  the 
rollmg  and  yawing  moments  with  sideslip  (1^,,  N^)  and  pitch  manoeuvre  margin  in  steady  turns. 


Slabilii) 

The  stability  problem  centres  around  deriving  good  estimates  of  the  A  matria  elements  or  a  set  of  equivalent 
parameters.  ITis  application  area  has  received  by  far  the  most  attention  and  many  of  the  ground  rules  and 
pitfalls  arc  well  understood.  Two  aspeitts  can  dominate  the  likelihood  of  success: 

1  Test  Inputs  and  aircraft  motion  excursions  should  be  as  small  as  possible  for  the  lineanly  assumptions  to 
hold  good  and  yet  large  enongli  that  the  noise  content  is  small  relative  to  the  response  signal,  I'hc 
requirements  conflict  and,  in  practice,  both  will  be  compromised. 

?.  l  est  inputs  need  to  escite  the  aircraA  modes,  the  stability  of  wliich  arc  under  investigation,  in  a  fairly 
uniform  manner.  This  requires  a-priori  knowledge  of  the  modal  distribution  and  usually  some  iteration 
to  optimise  ihe  input  shape.  IJoublets,  multi-steps  (e  g  3211)  and  frequency  sweeps  are  all  in  common 
u.se. 

Test  input  design  is  therefore  a  most  critical  issue  in  deriving  robust  (see  section  7)  parameter  estimates  and 
lienee  stability  information.  Ttequency  domain  idcntirication  has  gained  some  favour  in  recent  years  because 
of  the  ease  with  which  different  model  .simctures  can  be  explored  over  different  frequency  ranges  Data  derived 
from  frequency  -weep  inputs,  are  particularly  suitable  to  transfer  function  modelling,  whereby  the  modal 
character,  and  hence  model  structure,  is  matched  by  polynomial  fitting  providing  direct  estimates  of  both  sys¬ 
tem  open-loop  poles  (eigenvalues)  and  closed-loop  rrrros. 


Response 

To  an  extent,  the  response  problem  receives  partial  treatment  when  identifying  the  stability  characteristics.  The 
model  matching  and  identification  is  achieved  on  time  or  frequency  response  histories  and  such  comparisons 
are  often  put  forward  as  evidence  that  the  model  validation  has  been  sutxessful  or  otherwise.  In  reality  this  test 
or  demon.stration,  while  being  convincing  on  one  level,  is  never  enough  to  ensure  true  validation  and  in  many 
cases  can  be  very  misleading  Derivatives  estimated  from  an  identification  that  produces  an  excellent  response 
fit  can  often  bear  little  resemblance  to  the  values  of  their  theoretical  counteiparts,  leaving  the  engineer  perplexed 
as  to  wha!  needs  more  validation,  his  theory  or  the  system  identification  method.  With  good  quality  test  data 
and  careful  application  of  a  comprehensive  identiiication  analysis  however,  robust  values  of  derivatives  can  be 
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estimated  that  cmi  be  used  to  glean  insiglit  into  the  force  and  moment  character  at  small  amplitude  and  iicncc 
support  the  validation  of  the  full  nonlinear  model. 

It  has  been  recommended  to  use  the  ADS-.ddC  flying  qualities  criteria  as  a  fonnal  for  demonstrating  simulation 
validation  This  is  particularly  appropriate  when  the  simulation  is  being  applied  to  establishing  compliance  with 
the  requirements.  A  complete  and  substantiated  flying  qualities  criterion  should  contain  a  specification  for 
every  effect  that  can  impact  the  pilot's  impression  of  the  aircraft's  ability  to  perfonn  a  flying  task  An  equi¬ 
valence  between  simulation  and  flight  in  this  scn.se.  should  then  imply  vtjidation  of  response  eharaeleristics  as 
far  as  pilot  subjective  opinion  is  concerned  No  existing  criterion  fully  complies  with  the  C.'ACM'l  IS  (I’.adficid, 

1988,  [8.1.13])  rules  (complete,  appropriate,  correct,  lc.siablc.  unambiguous,  substantiated)  however,  and  as 
AI)S-3.3(.’  eurrcntly  stands,  compliance  will  not  guarantee  validation.  'I'he  princij>.aJ  role  of  system  identification 
in  supporting  this  romparison  is  through  equivalent  system  model  matching.  I'he  only  criterion  (AOS  .^3(  , 

1989,  [8.1.1])  that  requires  the  formal  use  of  system  idcnlificalion  is  the  heigh!  response  to  collective  (Para¬ 
graph  3. .3  in  I ),  where  a  least  squares  fit  of  a  delayed  first  order  model  to  the  response  to  a  step  input  is  marie, 
to  establish  key  handling  parameters.  Other  criteria  where  parameters  can  be  alicnialively  derived  from  identi¬ 
fied  models  include  pilch,  roll  and  yaw  bandwidth,  laleral/'dircctional  o.scillation  chaiaetcristics  anil  torque 
response  to  collective  I'he  use  of  equivalent  .system  or  reduced  order  models  for  deriving  such  criteria  is  par¬ 
ticularly  appealing,  considerable  insight  c.an  be  gained,  from  paiamcteriscd  models,  into  the  elfcets  of  design 
parameters  on  an  tiircraft  s  ability  to  inccl  design  criteria. 

I  he  validity  of  a  nonlinear  simulation  model  and  its  theoretical  foundations,  in  teniij  of  its  accuracy  over  a 
given  range  of  steady  slate  ami  dynamic  conditions,  can  only  be  partially  judged,  as  noted  above,  lliroiigh 
comparison  with  small  perturbation  lincansed  approximations,  'nio  use  of  system  idenlincation  in  the  vali¬ 
dation  of  full  nonlinear  model  structures  has  received  limited  attention  in  the  acro.spacc  community.  Mic  work 
of  Klein  ct  al  (1983,  [8. 1  KIJ)  is  a  notable  exception,  where  the  authors  estimate  parameters  .associated  with 
higher  order  polynominal  terms  (spline  functions)  by  using  diiTcrcol  amplitude  ranges  in  the  rcsjionses,  A  good 
a  ptiori  knowledge  and  understanding  of  Ihe  likely  behaviour,  and  hence  mathematical  formulalioii,  is  cssenti.al 
for  Ihe  success  of  this  approach  Another  approach  to  identifying  nonlinear  'nodels  is  to  work  directly  with  the 
nonlinear  model  structure  and  Ihe  set  of  fundamental  parameters,  e  g.  aerodynamics,  structural,  inertial  and 
geometrie.  I'he  parainclers  can  be  'tuned  to  minimise  Ihe  cnor  between  measured  and  ptcdicled  rcspoosc.s. 
I'he  ipiMoa.ii  aptiears  attractive  but  the  limitcil  experience  to  dale  has  cxpci.scd  identifiability  |>iol>lems.  Mic 
large  number  of  adjustable'  parameters  precludes  their  simultaneous  c.slunation  and  determining  which  parts 
of  the  simulation  should  be  modified  is  a  difficult  task  which  relics  mainly  on  engineering  judgement.  I  herc- 
fore,  the  effectiveness  of  the  parameter  estimation  approach  depends  on  accurately  isolating  these  problem 
areas,  as  parameter  estimates  will  be  affected  by  errors  elsewhere  in  the  simulation. 

The  task  of  identifying  the  problem  areas  in  the  model  is  hampered  by  the  fact  that  the  mclhod  relies  on 
comparing  response  data.  It  is  difficult  to  infer,  from  typical  measured  responses,  llic  .specific  shortcomings  in 
the  .simulation  Paiametcis  arc  often  embedded  in  approximations  to  component  forces  and  mnincnls,  while 
the  aircraft  response  is  related  to  these  forces  and  moment.s  through  coupled,  nonlinear  differential  equations 
Other  disadvantages  in  tfiis  approacfi  ate  the  considerable  CPU  limes  rcquircrl  and  poicntia)  convergence 
problems  I'o  correct  problems  associated  with  matching  simulated  responses,  tcchmqucs  of  inverse  simu¬ 
lations  have  been  proposed. 

Inverse  Siniulalfon 

Discussion  on  simulation  model  validation  would  be  incomplete  without  reference  to  the  relatively  new 
developments  in  the  field  of  inverse  modelling,  or  simulation  (Bradley  el  al.,  1988,  [8.1.4];  DuVal  et  al ,  1989, 
[8,1.6]).  ITiis  is  the  term  given  to  Ihe  method  whereby  selected  state  variables  arc  constrained  to  be  equivalent 
for  the  lest  and  model  results  and  Ihe  simulation  model  partially  inverted  to  dclennine  the  unconstrained 
motion. 

A  typical  choice  would  be  the  aircraft  velocity  components  (o.  v,  w)  and  heading  (T)  or  the  four  variables 
used  in  the  trim  problem  (V.  y.  fi.  r^)  .  Differences  between  the  simulation  and  real-wcirld  will  then  be  mani¬ 
fested  in  the  behaviour  of  the  free  or  unconslrairted  variabht.s  and  controls.  F’mm  this  comparison  a  set  of  res¬ 
idual  forces  and  moments  can  be  computed  that  represent  unmodelied  elTects.  If  Ihe  initial  simulation  gives  a 
reasonable  fit  to  the  test  result  then  Ihe  errors  should  remain  small  and  a  derivative-type  linearised  formulation 
can  be  used  to  model  the  residuals.  In  system  identification  terms  the  problem  can  conveniently  be  expressed 
as  a  combination  of  both  equation  and  output-error  solutions.  The  distinct  advantage  in  this  approach  is  that 
key  stale  variables  can  be  constrained,  ensuring  that  the  simulation  and  test  stay  reasonably  close  even  in  the 
long  term.  Ihis  contrasts  with  forward  or  direct  simulation  where  even  the  smallest  foice  and  moment  errors 
will  integrate  to  large  velocity  and  displacement  errors  in  the  long  terra,  making  stomparisons  of  nonlinear 
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ni()!ions  not  very  useful.  In  the  method  dc.scribcd  in  (OuVaJ  ct  aJ.,  1989,  [R.l.hJ),  the  fuselage  degrees  of  free¬ 
dom  are  disabled  and  the  simulation  driveit  with  the  measured  fuselage  slates  and  contiols;  as  noted  above,  this 
means  that  the  siniulation  model  is  constraitted  to  fly  along  the  exact  flight  test  trajectory  I  he  aerodynamies 
of  the  sLmuiation  arc  then  adjusted  so  that  the  predicted  component  loads  match  the  measured  component 
loads  along  this  trajectory  If  measurements  of  individual  component  loads  (e  g  main,  tail  rotor)  ate  available 
then  the  engineer  can  use  system  identification  to  refine  each  component  model  separately  lisually,  however, 
only  the  overall  forces  and  moments  can  be  estimated  from  measurements  of  accelerations  and  the  problems 
of  differentiating  between  difl'erent  component  contributions  remains 

8.1.8  Model  DcvelopnienI  and  Upgrading 

A  fundamental  is.suc  woven  into  the  validation  activity  concerns  the  identification  and  repair  uf  model  dcli- 
cieiicies.  As  noted  in  the  Introduction  (8  1.1),  it  is  the  eoUection  of  underlying  assumptions  that  arc  being 
validated  but,  in  most  ca.scs,  validation  will  prove  to  be  an  incremental  activity  with  the  5%  accuracy  margin, 
over  the  full  range  of  application,  being  acliicvcd  only  after  considerable  development  and  upgrading  Sy.slem 
identification,  to  be  truly  useful  as  an  engineering  tool,  must  play  a  part  in  this  development  and  be  able  to  .shed 
light  on  the  physical  source  of  a  mismatch  and  guide  the  theoretical  repair  work  This  is  not  an  unreasonable 
requirement  and,  furthennore,  it  is  suggested  that  successful  interpretations  of  results  will  only  he  found  iii 
applications  conducted  by,  or  with  direct  support  from,  experts  in  flight  mcchaiiii  s.  I  hese  points  are  cnipba- 
sised  to  highlight  the  complex  nature  of  the  validation  activity,  often  frustrated  by  the  lack  of  a  complete  'Ct 
of  carefully  measured  lest  data,  and  one  that  requires  a  serious  commitment  c  f  resources  ihrouglinut  a  project 
life-cycle  The  rules  for  the  application  of  the  flight  mechanics  knowledge  on  the  one  li.and  and  the  system 
identification  techniques  on  the  other  arc  not  well  defined  What  is  clear,  at  least  to  some  serious  practitioners 
of  system  identification,  i:  that  the  methodology  provides  a  rational  and  systematic  medium  for  comparison, 
interpretation  and  documentation  in  the  validation  activity. 

In  principal,  there  arc  two  fundamental  ways  in  which  a  simulation  mode!  can  be  wrong'  nr  deficient. 

1.  Incorrect  parameter  set 

'llais  would  include  those  paranietcis  directly  iclalcd  to.  and  measurable  as,  physical  allribuies,  e.g.  iner¬ 
tias,  geometry,  and  those  derived  from  approximation  theory  as  cfrcclivc  parameters,  e  g.  cITectivc  hinge 
offset/spring  strength,  aerodynamic  force  coefficients. 

2.  Incorrect  model  .structure 

This  would  include  both  model  degrees  of  freedom  and  nonlinc.ar  formulations. 

The  two  ways  ate  connected;  an  cfi'cctive  parameter  is  often  an  approximation  to  a  more  complex  effect,  e  g 
quasi-steady  form  of  another  degree  of  freedom  or  local  linearisation  of  a  nonlinear  function  nierc  will  always 
be  a  limit  to  the  range  over  which  the  approximation  is  valid  and,  ultimately,  a  breakdown  in  the  value  of  an 
effective  parameter  is  indicative  of  a  model  structure  deficiency  It  is  important  to  understand  wiiich  of  the 
above  is  the  culprit  in  a  particular  .situation  In  general,  deficiencies  in  the  second  category  arc  more  difficiill 
and  lime  consuming  to  cure,  although  once  achieved,  the  upgraded  niodel  will  offer  more  opportunity  to 
expand  the  application  range,  f'nlcss  evidence  is  strongly  to  the  contrary,  however,  deficiencies  in  the  firs; 
category  should  be  exhausted  before  recourse  to  Sliuclural  upgrades. 

A  number  cf  general  and  speeifie  puints  can  be  raised  on  this  issue  before  considering  some  examples  that  will 
serve  to  higlilight  the  role  of  system  idemifiealion  in  model  validation. 

1.  I’he  experimental  test  database,  from  both  model  and  full  scale,  needs  be  carefully  a.sscmbled  to  support 
the  validation  activity.  In  the  limit  it  is  desirable  to  measure  every  variable  th.at  plays  a  part  in  the  simu¬ 
lation,  (e  g.  individual  component  force  and  moment  contributions),  but  in  reality  this  is  rarely  achieved. 
It  must  be  recognised  that  a  limited  measurement  database  will  limit  the  upgrading  potential. 

2.  An  underlying  principle,  that  brings  a  systematic  methodology  to  the  validation  activity,  is  that  every 
modelling  approximation  or  assumption  employed  needs  to  be  cheeked,  across  the  range  of  application, 
through  correlation  with  test  data. 

3  Derivatives  estimated  by  a  system  identification  method  are  effective  parameters;  for  very  small  amplitude 
they  arc  equivalent  to  the  first  order  terms  in  a  Taylor  expansion  of  the  applied  forces  and  moments  about 
the  trim  condition  Aircraft  motion  e.xcursions  in  typical  test  data  are  generally  of  more  moderate  ampli¬ 
tude,  however,  and  any  nonlincarities  will  be  embodied  ir.  the  resultant  denvative.  It  is  important  there¬ 
fore,  when  comparing  derivatives  from  flight  and  theory,  to  cheek  for  variations  with  motion  amplitude 
from  both  sources. 
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4.  Derivatives,  predicted  from  a  theoretical  model,  are  themselves  functions  of  a  large  number  of,  more 
fundamental,  configuration  and  model  parameters,  e  g.  rotor  radius,  lift  curve  slope,  moments  of  inertia 
etc..  Tiguie  8.1.2  illustrates  how,  for  the  RAE  simulation  model  IMisiah,  two  of  the  pitching  moment 
derivatives  vary  with  three  model  parameters  -  the  effective  rotor  flap  stiffness,  rotor  flap  inertia  and  centre 
of  gravity  location,  iliere  can  be  many  more  fundamental  paiamcler.s  than  derivatives,  depending  on  the 
model  complcaily.  Model  deficiencies  in  the  first  category  above,  i  c.  incorrect  parameters,  can  sometimes 
be  identified  through  an  exploration  of  the  required  fundamental  parameter  distortions  required  to  match 
denvatives.  This  parameter  distortion  or  'fudge  (kluge)  factor'  technique  is  oficn  used  In  simulation  vali¬ 
dation  to  accommodate  pilot  subjective  opinion.  Ihe  technique  is  prone  to  considerable  misuse,  with  a 
genuine  source  of  modelling  error  being  compensated  for  by  distortions  in  an  uniclaicd  parameter,  (.arefui 
applications  can  bear  fruit,  however  particularly  with  resi>ect  to  corrections  in  effective  parameters. 
Optimising  the  distortions  to  match  derivatives  is  inherently  nonlinear  and  mulli-objeclivc;  system  iden¬ 
tification  is  the  natural  tool  for  such  problems. 

5.  An  understanding  of  the  correct  model  structure  for  describing  the  flight  behaviour  of  an  aircrafi  is  the 
key  to  Viund  validation,  t  wo  of  the  studies  conducted  under  the  auspices  of  AOARD  WO- 1 8  (.sections 
7  and  8.3)  have  recommended  the  use  of  non-piramclric  tr.ansfcr  function  filling  at  the  initial  stages  to 
gain  thi.s  understanding,  this  rccommemlalion  is  eiid'iiscd. 

With  the  attendant  development  and  upgrading  activities,  simulaiion  model  validation  bascil  on  comparison 
w'lth  test,  i.s  an  actis'ity  that  all  airframe  manufacturer  and  research  laboratories  have  experience  of.  Ihe  work 
of  llou.ston  (I9S9.  [8'|.9J)  and  nallm  and  Oalang  Sccret.an  (1990,  [8  1  2J)  olTer  typical  results  from  conlcm- 
p'lrarv  .studies  in  UK  and  US  Oovcrnmciil  research  laboratories. 

Houston  s  wiirk  focusses  on  veilical  axis  dynamics  of  an  SA-330  at  hover,  illustrating  how  coning  and  air  mass 
dynamics  are  required  model  elements  in  the  prediction  of  boily  motion  up  to  about  20  rad/s.  I'.nor  in  this 
model  structure  arc  computed  as  distortions  in  the  model  parameters  prtrviding  some  u. sight  into  Ihe  validity 
of  assumpiions  asstrcialcd  with  local  momentum  theory  and  the  use  of  rigid  blades.  Measuictnents  of  blade 
flapping  motion  were  cssciilial  in  providing  confidence  in  these  transfer  function  results. 

In  conirast,  Rallin  sets  out  to  upgrade  the  f  .'S  Arniy's  CENHEl.  Ull-bO  simulation  model  based  on  open-loop 
frequency  and  lime  domain  fU(^t  test  results.  Ballin's  work  is  an  excellent  example  of  investigative  upgrading 
based  on  non-paramclric  frequency  response  models  Ihe  full  flight  envelope  OEMIIJ,  incorporates  j  bladc- 
clc.aiCiu  ioioi  wiili  lag  and  au  mass  dyiiaiiiics  and  runs  in  rcai-iime  with  a  o.67  ms  frame  on  an  Ai'J-  iui) 
computer  Ihe  comparative  technique  proved  effective  in  evaluating  various  modelling  iinprovcincnts,  c  g.  new 
dynamic  inflow  model,  tag  damper  characlcrisilcs,  and  c,slablishiog  a  model  which  is  fully  adequ-alc  for  real¬ 
time  handling  qualities',  up  to  10  rad/s. 


8.1.4  Example 

Ihe  following  example  provides  some  insight  into  how  the  rcsull.s  of  system  identification  can  be  used  .sys- 
temalieally  in  Ihe  validation  process 

8. 1.4.1  (  relief  zl 

Ihc  fr.-unework  for  simulation  model  validation  and  the  application  are.is  of  .system  identification  have  been 
set  out  in  Ihe  previous  two  .sections.  I  slablixhing  criteria  for  model  range  and  accuracy  and  highlighting  Ihe 
required  model  development  were  the  two  spreific  areas  addressed.  The  WCi-18  lest  dalaba.scs  are  insufficient 
to  cover  Ihe  full  range  of  issues  included  in  Ihe  trim,  stability  and  response  problems  All  three  oircraft  databases 
arc,  however,  typical  of  those  used  to  suppor,  simulation  model  validation  and  a  numlicr  of  useful  examples 
can  be  derived  from  them,  one  of  which  will  l)C  detailed  here. 

Ihe  primary  simulation  model  used  in  this  case  study  is  the  RAE  Hfthtah  model  (Padtlcld,  1981,  [8.I.I4J; 
(I’adficld.  1989,  [8.  M5J).  Ihis  model  is  inlriisicaJly  nonlinear  and  can  be  trimmed  in  a  general  condition  of 
sideslipping,  turning,  descending  flight.  Coning  and  first  harmonic  flap  and  rotoispeed'eiiginc  governor  degrees 
of  fre^oin  complement  the  fuselage  slates  Current  developments  include  three  dcgrec-of-frcedom  rotor  lag 
and  inflow  dynamics.  Rotor  aerodynamics  ate  derived  from  linear  blade  clcmcnt/momcnlurn  ll-.cory  and  the 
rigid  bUde/centre  hinge-spring  analogue  is  irscd  to  model  both  hingclcss  and  small-olfset  articulated  rotors. 
I'uselage  and  tail  surface  aerodynamics  are  nonlinear  functions  of  incidence,  sideslip  and  rotor  dow.nwash.  1  he 
quasi-steady,  six  degrce-of-fvccdom  version  is  used  for  the  compansons  discussed  here.  Figure  8.1.3  and 
Figure  8.1.4  show  the  three  translational  and  three  rotational  velocities  for  ihe  four  SA-330  test  runs.  Funda¬ 
mental  questions  that  cai  be  asked  of  the  system  idcniific.vtion  approach  arc: 
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1.  Can  1  comparison  of  digiit  cslimated  and  theoretically-predicled  aerodynamic  dcrivarives  shed  light  on 
the  model  strengths  and  weaknesses? 

2.  Cian  the  stability  characteristics  of  airctall  dynamic  modes  be  correctly  estimated? 

Iliesc  two  questions  and  their  answers  are  closely  rcialed.  Often,  approximations  for  mode  frequency  and 
damping  can  be  derived  from  simplifying  assumptions  and  expressed  in  terms  of  a  limited  number  of  parame¬ 
ters.  Comparisons  of  the  equivalent  modal  parameters  from  flight  and  theory  and  their  constituent  parts  can 
be  cfTective  at  highlighting  areas  of  overall  simulation  mode!  deficiency.  In  section  S.  i  4.2  below,  this  approach 
will  be  explored  for  the  Dutch  roll  motion.  Before  this,  a  number  of  relevant  observations  can  be  made  from 
an  examination  of  the  comparisons  in  Figure  8  1 ,3  and  Figure  8  .14. 

1.  I’edal  Response  (Figure  8. 1.3) 

a.  speed  changes  arc  greater  in  flight  S  m/s). 

b.  initial  yaw,  roll  and  sideslip  response  are  distinctly  greater  in  the  simulation. 

c.  the  Dutch  roll  mode  appears  more  damped  and  of  lower  frequency  in  the  simulation. 

d.  the  pilcli  and  heave  responses  appear  considerably  smaller  in  the  simulation. 

2.  lateral  Cyclic  Response  (l  ig.irc  3  1.3) 

a  roll  response  appears  sharper  in  the  simulation, 
h.  the  Dutch  roll  response  in  roll  and  yaw  is  greater  in  flighl. 
c  the  pitch  and  heave  responses  arc  smaller  in  the  simulation, 
d  speed  changes  are  small  during  the  manoeuvre  (--  2  5  m/s). 

3  Colleclive  (Figure  8  1.4) 

Relatively  unsteady  initial  conditions  on  this  run  obscure  the  comparisons  to  an  extent,  but  these  arc  by 
far  the  poorest  of  the  four  axes. 

a.  initial  pitch  and  roll  response  are  similar  in  character  but  the  free  response  of  the  fliglit  results  con¬ 
tains  considerably  more  Dutch  roll  content. 

b.  the  yaw  and  sideslip  responses  in  flight  are  considerably  greater  than  the  simulation  initially,  fol¬ 
lowing  the  collective  input,  and  during  the  free  response. 

c  airspeed  changes  are  moderately  large  (-  5  ...  10  m.i's),  but  poorly  predicted  by  simulation. 

4.  Longitudinal  Cyclic  (Figure  8. 1.4) 

a  pitch  and  heave  responses  appear  sharper  and  less  damped  in  the  simulation 

b.  the  Dutch  roll  rcspon.se  in  roll  and  yaw  is  substantially  greater  in  the  simulation, 

c  speed  changes  are  fairly  well  prcslicled  (-  10  m/s). 

Some  of  these  observations  will  be  reviewed  in  the  light  of  the  system  identification  analysis  in  section  8. 1.4.2. 

The  complete  set  of  llelislab  stability  and  control  derivatives  and  corresponding  eigenvalues  axe  contained  in 
Table  8. 1 , 1  for  the  80  kn  flight  condition.  Data  i<  also  included  on  aircraft  configuration  and  the  magnitude 
of  the  perturbations  used  to  generate  the  derivatives  numerically 

8.1. 4.2  Lateral-Directional  Motion 

The  dominant  motion  throughout  the  responses  shown  in  Figure  8.1.3  is  the  weakly  damped  IXitch  roll  mode. 
The  lateral-directional  dynamics  of  the  SA-.T30  at  the  80  kn  (light  condition  appear  to  be  classical  with  a  roll 
subsidence  and  spiral  motion  completing  the  modal  set.  It  is  of  interest  to  c.xplorc  whether  the  mismatch  in  the 
ITutcIi  roll  response  between  flight  and  simulation  illustrated  can  be  explained  through  the  estimated  deriva¬ 
tives.  Table  8.1.2  compares  the  primary  latcral/directional  derivatives  from  (light  and  simulation,  the  former 
taken  from  the  DLR  and  Univei  sily  of  Glasgow  analyses.  Numbers  in  parentheses  are  standard  deviations  of 
the  parameter  estimates;  as  a  rough  rule  of  thumb,  values  below  10%  to  15%  of  the  parameter  it.self  are  con¬ 
sidered  to  imply  a  high  confidence  level.  Tlic  Dutch  roll  eigenvalues  are  also  included  in  the  Table  and  show 
that  the  fourth-order  lateral  sub-svstem  provides  a  reasonably  good  approximation  in  all  three  cases  This  is  a 
significant  result  in  itself,  indicating  that  although  the  pitch  and  heave  motions  are  appreciable,  they  do  not 
have  a  fir.st  order  effect  on  frequency  and  damping  at  this  flight  condition.  Ixiwer  order  approximations  to  the 
Dutch  roll  mode  can  be  derived  for  a  range  of  diflierent  ca.ses,  the  simplest  being  when  the  motion  is  pure  yaw. 
This  is  clearly  inappropriate  in  the  present  case  with  the  roU/yaw  ratio  approximately  unity  (see  Figure  8.1.3) 
A  more  general  and  useful  approximation  can  be  derived  by  isolating  the  spiral  dynamics  with  the  sideways- 
velocity  degree  of  freedom. 


Illin  approximation  shows  how  the  I>Jtch  roll  damping  is  afTected  by  the  derivativ.-s  1.^,  Np  and  L,  in  addition 
to  the  yaw  damping  N,.  l  ikewise,  the  frequency  is  modified  by  in  addition  to  the  primary  stiffness  N^.  The  I 

approximate  eigenvalues  for  all  three  cases  arc  shown  in  Table  8T  2  along  vvith  the  cocfTicient  of  j 

(8  1.9)  In  general  there  is  excellent  agreement  with  the  Dutch  roll  eigenvalues  for  each  case.  The  Ilelisiab  J 

damping  prediction  is  double  the  llight  e.stimate,  confirming  the  ob.scrvation  made  in  section  8.1  4  I,  and  the  j 

frequency  is  20%  lower  in  the  simulation  Comparing  the  make-up  of  the  Dutch  roll  characteristics  from  “ 

equation  (8  1.9)  the  follow'ing  points  can  be  made:  ■ 

I.  Ilelisiab  ovcr-eslima'es  the  basic  yaw  damping  (estimated  from  fliglit)  by  60%.  | 


2.  Ilelisiab  undcreslimate.s  the  principal  loll  derivatives  by  20yo. 

.T  I  light  cslimalc  of  Np  is  mure  than  double  the  Ilelisiab  value. 

4.  J  light  estimate  of  is  20%  higher  than  Ilelisiab. 

5.  i,  from  flight  is  negative,  from  theory  positive;  the  flight  values  are  estimated  with  low  confidence. 

6.  Yaw  control  derivative  N^p^  from  flight  is  nearly  half  the  Ilelisiab  value. 

On  the  basis  of  these  observations,  assuming  that  the  llight  derivatives  estimated  are  'correct',  a  set  of  corre¬ 
sponding,  tentative,  hypotheses  can  be  made  concerning  the  simulation  ni.udcl  validation. 

1.  The  yaw  damping  and  conlrol  sensitivity  are  dominated  by  the  tail  rotor;  the  simple  tail  rotor  model  (with 
fin  blockage)  adopted  in  Ilelisiab  needs  refinement. 

2.  flic  uniform  increase  u:  primary  roll  derivatives  (!.„,  j,  suggests  an  incorrect  roll  moment  of  inertia 
‘y  or  rotor  Lock  number,  tlte  latter  possibly  reflecting  the  effects  of  imrriodelled  dynamic  inflow. 

3.  'Ihe  derivative  Np  has  a  strong  destabilising  effect  on  the  Dutch  roll  mode  accounting  for  about  65%  of 
the  damping  decrement  (additional  term).  The  larger  flight  value  could  be  explained  by  an  incorrect  pro- 
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duct  of  inertia  in  the  simulation.  More  subtle  aerodynamic  effects  are  diflicult  to  accommodate  within 
the  simple  rotor  model  stmctuie  in  Helistab. 

4.  'ITie  directional  stability  is  clearly  underprcdictcd  by  Helistab.  This  is  unlikely  to  be  a  tail  rotor  effect  in 
view  of  (I)  above;  in  fact,  the  evidence  suggests  that  due  to  the  tail  rotor  should  actually  be  less  than 
predicted.  Ihe  fuselage  and  empennage  contributions  to  Wj,  m  Helistab  are  derived  from  wind  tunnel  data 
and  an  obvious  conclusion  is  that  these  do  not  relate  directly  to  the  flight  situation. 

5.  The  positive  from  Helistab  comes  entirely  from  the  tail  rotor,  is  stabili.sing,  but  is  not  significant  in  the 
Dutch  roll  damping.  The  negative  and  higher  DLR  value  is  not  insignificant,  but  is  perplexing  as  no  well 
understood  mechanism  gives  rise  to  such  an  effect  The  relatively  high  value  of  the  standard  deviation  for 
this  derivative  suggests  a  low  confidence  factor. 

6.  In  addition  to  the  above  effects,  the  absence  ol  a  rotor  wakc/tail  rotor/empennage  model  in  the  simulation 
must  have  a  significant  impact  on  the  results,  particularly  the  yawing  derivatives. 

Such  hypotheses  form  the  starting  point  for  a  second  phase  of  the  validation  exercise;  some  appiear  plausible 
and  consistent  but  others  arc  more  dubious.  All  will  need  checking  against  other  conditions,  e.g. 
damping/control  sensitivity  from  step  inputs,  dihedral  and  weathercock  stability  from  sideshp  tests,  before  the 
simulation  is  modified.  In  any  case,  more  detailed  component  measurements  (eg,  main/tail  rotor 
thnist/rnoment)  may  be  required  before  a  .simulation  deficiency  is  fully  understood  and  rectified  It  should  be 
remembered  that  derivatives  encapsulate  any  nonlinear  effects  when  derived  from  experimental  data  and  tests 
at  varying  amplitudes  will  be  required  to  establish  the  presence  and  importance  of  such  effects  Nevertheless, 
as  a  starting  point,  the  flight  estimates  have  enabl-d  considerably  more  systematic  validation  evidence  to  be 
gathered,  compared  with  any  speculation  derived  from  the  observalions  in  section  8  14  1.  Ilierc  remains  the 
question,  of  course,  as  to  the  validity  of  the  flight  estimated  derivatives.  The  time  history  comparisons  of  the 
Dl.R  lateral  sub-system  and  flight  data  arc  presented  in  f  igure  8  15,  the  fit  is  not  as  good  as  the  fully  coupled 
response  shown  in  figure  8.1  6.  The  coupling  effects  clearly  contribute  fo  the  response,  even  though  the 
damping  and  frequency  arc  not  affected  significantly;  the  simplified  approximation  cannot  shed  any  new  light 
on  the  nature  of  the  lateral  to  longitudinal  coupLng  in  the  Dutch  roll. 

1316  Glasgow  derivatives,  shown  in  Table  8. 1.2,  show  reasonable  consistency  with  the  DL.R  results  with  two 
notable  e.xceptions  •  !.,  and  I,,!,,)  llte  large  po.utivc  value  of  accoarits  for  tliC  gicaici  sia’oiliiy  of  the  iluich 
roll  mode  according  to  the  Glasgow  estimates  (f,^j  ~  4  s  compared  with  8  s  for  DLR).  The  lower  roll  control 
sensitivity  and  damping  from  the  GIa.sgow  analysis  correlates  with  lower  estimate  for  effective  time  delay  shown 
in  Table  8.1  2  (fllack,  1987,  [8.1.3]),  highlighting  the  fact  that  these  are  strictly  equivalent  parameters,  the 
effects  of  higher  order  dynamics  have  been  ignored  as  such  but  encompassed  within  the  effective  lime  delay. 
The  true'  value  of  some  stability  and  control  derivatives  cannot  therefore  be  estimated  vrilh  any  certainty.  Ihc 
Dutch  roll  approximations  do  show,  however,  that  useful  insight  into  modelling  accuracy  can  be  gained  from 
such  combined  parameters. 

Tabic  S.1.3  shows  a  comparison  of  Dutch  roll  eigenvalues  for  ih-  BO  105  (L)I.R  Model  3)  and  .Ml-64  derived 
from  the  DLR  flivlit  estimated  derivatives  with  the  conespoi.ding  approximations  derived  from  equation 
(8.1  9)  on  page  255.  Ihe  comparisons  are  very  good,  apait  from,  the  BO  105  frequency  estimate,  adding  sup¬ 
port  to  Ihe  value  of  the  appioxiination  across  different  aircrafl  types.  As  a  coiicluiling  note  to  this  section, 
figure  8  17  illustrates  the  cuircnt  Dutch  roll  handling  qualities  criterion  of  AOS-330.  The  criterion  is 
expressed  in  terms  of  handling  qualities  level  boundaries  for  damping  and  frequency  for  different  Mission  Task 
f.lcments  (Ml  f).  I'he  data  points  correspond  to  flight  e.stimates  and  theoretical  p.rediclions  for  all  three  air¬ 
craft;  the  SA-330  theoretical  part  is  derived  from  the  Helistab  ezse  discussed,  the  BU  105  point  from  the  Dl  R 
blade-element  model,  and  the  AH-64  result  from  the  MDUC  flyri  nonlinear  rotor-map  model.  It  is  interesting 
to  note  that  for  all  three  aircrall,  theory  predicts  about  twice  the  damping  measured  in  fliglit.  Moreover,  on  the 
ciitcrion  diagram  the  data  points  lie  on  either  side  of  the  Level  1/2,  Ixvel  2/3  boundaries,  depending  on  the 
aircraft  role  (i.c.  M'fli).  Considering  the  aircraft  types  under  consiiieralion,  the  Level  2/3  boundary  is  probably 
appropriate  for  both  A  conclusion  that  can  be  drawn  is  that  none  of  the  simulation  models  (which  are  state- 
of-the-art  for  disc,  blade  clement  and  rotor  map  models  respectively)  is  capable  of  predicting  Dutch  roll 
damping  adequately  for  compliance  demonsiratioo.  'ITiis  is  considered  to  be  a  te.flection  on  simulation 
modelling  in  gene.'al  and  the  detailed  analysis  of  the  SA-330  data  has  provided  insight  into  how,  for  this  aircraft, 
Helistab  is  deficient. 


8.1.5  Condusions  and  Recommendations 

A  number  of  conclusions  aiid  recommendations  can  be  drawn  from  the  discussions  presented: 
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1.  Validation  as  an  activity  can  ly:  considered  in  two  stages: 

•  firstly,  establishing  the  range  and  accuracy  of  the  Simulation  model  and, 

•  scccndly,  establishing  the  modelling  deficiencies  and  rerjuired  upgrades. 

This  section  has  proposed  a  framework  for  the  application  of  system  identification  in  these  two  stages. 

2.  Accuracy  and  range  can  be  defined  in  terms  of  three  flight  mechanics  problem  areas: 

•  trim, 

•  stability  and 

•  response. 

System  identification  can  play  a  role  in  all  three  problem  areas. 

Range  can  conveniently  be  defined  in  term  of  the  frequency  and  amplitude  scope  of  intended  operation. 
Accuracy  requirements  depend  on  the  application,  but  a  5%  bracket  is  proposed  as  an  all-purpose  crite¬ 
rion;  some  applications  may  require  even  better  comparison,  some  less. 

3.  Tlie  use  of  system  identification  in  model  upgrading  has  to  be  complemented  with  a  good  understanding 
of  the  underlying  physical  assumptions  and  mathematical  approximations. 

4.  Full  account  needs  to  be  taken  of  the  existing  Industrial  practices,  skills,  and  expertise  when  making  rec¬ 
ommendations  for  the  use  of  system  identification  in  model  validation. 

5.  The  example  chosen  to  highlight  the  value  of  system  identification  in  simulation  validation  has  been  the 
Dutch  roll  motion  of  the  SA-330.  A  simple  approximation  for  Dutch  roll  damping  and  frequency  has 
highlighted  the  likely  origins  of  modelling  deficiencies.  Current  simulation  models  are  ooor  at  predicting 
cross  coupling  effects.  Of  perhaps  greater  significance  is  the  ovcrestimalion  of  Dutch  roll  damping  by 
current  simulation  models  leading  to  a  more  favourable  compliance  with  ADS-.33C,  i.e.  level  2  rather 
than  Level  3  handling  qualities. 
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Stability  derivatives 
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0.7411 
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Z  -0.0482 
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-0.00493 

-0,2211 

0.00 

'i  -0.00438 

-0.0203 

0.3207 

-0.1248 

-0.7510 

-40.897 

L  -0. 00582 

-0.0525 

0.7583 

-0.0549 

-1.6771 

0.142 

N  0.0098 

0.0326 

-0.1643 

0.0216 

-0.1741 

-0.5697 

Control  derivatives 

«o 

«ls 

®lc 

®tr 

X 

-2.0546 

-9.546 

0.4862 

0  -  00 

z 

-96.795 

-27.7184 

0.00 

0.00 

M 

1.5626 

6.4123 

-0.3238 

0.00 

y 

-2.4806 

-0.2069 

9.6746 

4.1414 

L 

-6.4913 

-0.6815 

22.8395 

2.059 

N 

-5.9196 

1.4955 

2.5202 

-8.220 

Mode 

Eigenvalue 

Perturbation  magnitude  for 

u. 

v,  w  -  1.5 

m/s 

roll  substance 

-1.6833 

pitch  short  period  -0.871 

±  0.9332i 

p,  q. 

r  -  0.05 

rad/s 

Dutch  roll 

-0.163 

±  1.0171i 

phugold 

-0.0104 

±  0.22141 

e,  0, 

-  0.05 

rad 

spiral 

-0.11985 

®ls'  « 

1C'  ®tr~  ° 

.005  rad 

Puma  flight  and  configuration  data 

V  =  80  kn  , 

p  =  1.0978 

kg/m’,  M  = 

5805  kg  , 

'  5638 

kg  m‘ , 

lyy  =  33240  kg 

,  I 

22 

25889  kg  m 

I  =  2222  kg  m’. 

X^g  =  37.5  mm 

fwd 

Table  8.1.!.  Helistab  Data 


DLR 

Glasgcw 

Hellstab 

-0.135 

(0.0019) 

-0.135  (0.02630) 

-0.125 

-0.066 

(0.0012) 

-0.0642  (0.00149) 

-0.055 

0.027 

(0.0002) 

0.029  (0.00069) 

0.C216 

-2.527 

(0.0534) 

-2.012  (0.0695) 

-1.677 

'"p 

-0.395 

(0.0092) 

-0.3216  (0.0106) 

-0.174 

-0.2S9 

(0.0343) 

0.554  (0.0797) 

0.142 

f'r 

-0.362 

(0.0065) 

-0.3887  (0.0348) 

-0.57 

‘"6  1at 

-0.051 

(0.0012) 

-0.0317  (0.0017) 

-0.043 

lat 

-0.008 

(0.0002) 

-0.00738  (0.00047) 

-0.0047 

L- 

oped 

0.011 

(0.0007) 

0.0209  (0.004) 

0.0109 

^4  ped 

-0.022 

(0 .0001  ) 

-0.0254  (0.00086) 

-0.0436 

^  0  lat 

0 .125 

0.01  (0.0150) 

0.00 

'  4  ped 

0.00 

0.00 

0.00 

X<'> 

-0.104 

±  1.371 

-0.2  ±  1.351 

-0.163  t  1 .0171 

X'2i 

-0.089 

t  1.271 

-0.154  1  1. 3291 

-0.166  ±  1.081 

0.1674 

0.291 

0.390 

2 

“o 

1.842 

1.791 

1.417 

x'^' 

-0.081 

±  1.341 

-0.157  t  1.391 

-0.199  ±  1.1991 

-  Dutch  coll  (fully  coupled  model; 

'  -  Dutch  roll  (lateral  subset) 

-  Dutch  toll  (2nd  order  toll/yaw  approximation) 


Table  8.1.2.  Comparison  of  SA-330  lateral/direcUonal  charactcristic.s 


SA-330 

BO-105 

APACHE 

Full  eqns 

-0.104  A  1.371 

-0.35  i  2.51 

-0.17  *  1.7261 

Approx 

-0.081  ±  i.34i 

-0.33  ±  3.211 

-0.171  A  1.8431 

* 

+ 

Theory 

-0.163  ±  1.0171 

-0.65  ±  2.61i 

-0.407  A  1.8571 

Table  8.1.3.  Dutch  roll  mode  eigenvabies  -  Comparison  of  flight  estimates  (Dl.R)  with  theory 

*=  RAF  fieUstab,  +  “  DI  R  theory,  ff  *=  MDifC Jlyrt) 


(a)  pedal  input 


(bj  lateral  cyclic  input 


Figure  8.1.3 


flight  - -  —  theory 


Comparison  of  flight  and  Heilstab  control  response  (pedal  and  lateral  cyclic  input) 


rignre  8.1.6.  Comparison  of  Highlit  and  6  DoF  siinulatioD  (DLR 


Level  1  ( all  KTEs ) 


Level  ■•  (  all  other  MTEs ) 
Level  2  ( slalom,  ground 
attack  and  air  combat ) 


Level  2  ( all  other  MTEs ) 
Level  3  ( slalom,  ground 
attack  and  air  combat ) 


Level  3  ( all  other  MTEs ) 
(  >  0  0)^  >  0.4  rad  /  sec 


Figure  R.  1.7.  Comparison  of  {light  and  simulation  estimates  of  Dutch  roll  stability  characteristics 
with  ADS  33C  criteria 
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8.2  Handling  Qualifies'^) 


8.2.1  Introduction 

SyMctn  idcnlincatioii  technique.^  have  seen  wide  application  in  the  fixed-wing  and  rotary-wing  handling 
qualities  communities  for  characlerir.ing  the  dynamics  of  air  vehicles  and  piloted  .simulations  Ihe  extracted 
models  are  commonly  used  in  closed  loop  analyses  of  Ihe  pilot/vehicle  system  (I'igure  S  2. 1)  to  expose 
potential  handling-quaiilies  deficiencies  and  to  check  vehicle  compliance  against  design  specifications  (Wilhelm 
ct  al  ,  I99i,  [g  2  IJ,  Anon  ,  1988,  [8.2.2]).  A  key  factor  that  has  heen  responsiolc  for  the  broad  and  successful 
application  of  system  identification  techniques  in  the  handling-qualities  community  is  probably  the  relative 
simplicity  of  the  models  which  are  desired  for  pilot -in-thc-loop  analyses  as  compared  'o  the  full  six  or  more 
dcgrccs-of  freedom  models  required  for  most  other  applications.  Generally,  these  anal-,scs  consider  only  the 
on-axis,  single  input/single-outpul  response  of  the  pilot/vehicle  system.  I  he  extracted  vehicle  model  may  be 
non-paramclric,  such  as  frequency-response,  or  a  low-order  parametric  model,  such  as  a  transfer  function,  or 
a  simplified  decoupled  state-space  representation.  Both  time-  domain  and  frcqucncy-ilomain  methods  have 
tiecn  widely  used  for  these  applications. 

Ibis  paper  discusses  system  idenlificalion  methods  for  rolorcraA  handling-qualities  studies.  T  he  requirements 
for  lliglit  testing,  data  analyses,  and  modeling  for  handling-qualities  applications  of  system  idcimflcalion  arc 
contrasted  with  the  requirements  for  extracting  mi'lli-input/inulti-output  stale-spsce  models  for  flight 
mechanics  purposes  Typical  handling-qualities  analysis  results  are  illustrated  using  the  WG 18  databases  for  the 
no  105  and  AM-64  helicopters 


8.2  2  Basic  HsnJIing-Qualilies  Oonerpts 

I’llol/vchiclc  interaction  in  closed-loop  control  tasks  ic,  commonly  analysed  by  first  modeling  the  pilot  as  a 
low-order  compensator,  and  then  analyzing  Ihe  pUol/vehjcle  feedhack  system  as  a  servomechanism 
(figure  8.2  I).  This  section  uses  doiskal  control  theory  to  analyze  the  pilot/vehicle  servomechanism  and  to 
illustrate  basic  handling-qualities  concepts,  although  slate-spare  based  optimal  melhodj  =sc  al.so  svailablc  in 
the  iiteraiurc  and  have  been  used  successfully  (.\non..  1988,  (8.2.2}). 

In  attitude  tracking  tasks,  the  pilot  atiempis  to  null  the  error  e  between  the  commanderl  aircraft  attitude  r  and 
the  aclua]  aircraft  attitude  C  through  suitable  motion  of  Ihe  airciall  slick,  d  (Figure  8  2  1)  The  rale  of  pilot 
stick  inputs  diS/dl  is  characterized  by  the  cross-over  frequency  ur^,  a  fundanienlal  handling-qualities  parameter, 
defnied  as  the  frequency  at  which  the  comfiensated  open-loop  magnitude  re.sponsc  of  c/e  is  0  dB  Higher 
cross-over  frequencies  allow  lighter  closed-loop  tracking,  but  imply  liiglier  slick  defies  lion  rates,  and  thus  higher 
workload  The  cross  over  frequency  is  selected  by  Ihe  pilot  to  achieve  Ihe  task  pcrfonnance  requlrcmenls  in 
Ihe  presence  of  noise  or  disturbances  A  large  body  of  test  data  (Anon.,  1988,  [8  2  2])  indicates  that  the 
cross  over  ftequc.icy  for  atiiludc  Uackuig  tasks  is  typically  in  the  range  of  1  rad/s  S  S  3  rad/s. 

(Classical  servomechanism  (heory  can  be  used  to  show  that  good  closed-loop  chazartcrislica  (eg  stability- 
margins  and  command  tracking)  require  that  the  overall  compensated  open-loop  res|>onse  c/e  displays  an 
average  K/.t  characlerlslic  (-20  dB/decade  magnitude  slope)  in  the  cross-over  frequency  region  While  the  pilot 
(Vp—  d/e)  can  compensate  for  poor  rolorcraft  characteristics  (Yp-c/d)  to  achieve  the  desired  overall  cross¬ 
over  charaaehslics  (c/e  ■»  YpYJ,  this  leads  to  increased  pilot  workload  and  resulting  poor  handling-qualities 
ratings  Ihe  minimu-m  workload  :s  achieved  when  the  pilot  can  act  as  a  pore  gain  regulator  through  a  neuro¬ 
muscular  delay  (Anon  ,  1988,  [8.2.2]): 

>'p  -  «p  exp(  -  rs)  (3  2  1) 

where  typical  values  of  lime  delay  are  0  2  s  <  r  <  0  4  s. 

Simplified  pilot/vehicle  analyses  (Anon  ,  1988.  [8  2.2])  assume  the!  the  pilot  acts  as  a  pure  gain  regulatur 
(ignoring  the  time  delay  r),  and  selects  the  maximum  cross  over  frequency  u/p  that  can  be  achieved  while 
mairlaining  acceptable  stability  margins  (e  g  phase  maroln  •  45’.  gain  margin  »  It  dB).  Ihis  maximum 
achievable  pure-gain  pilot  cross-over  frequency  is  termed  the  'bandwidth  fi»4UCTicy'  in  the  handling- 

qualities  community,  and  can  be  determined  by  inspection  of  Ihe  altitude  rcspoiitc  c-f  the  helicopter  alone 
(Yp)  as  obtained  from  system  identification  (figure  8.2.2)  The  brurdvvidtb  frequency  lan  also  be  considered 
as  the  inverse  closed-loop  littK’  constant  (l/T,.},  since: 


**)  PrindptJ  Author:  Mark  B  Tuchler.  AFIJIV 
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(8.2.2) 


lligh  handwidlh  response.*?,  and  thus  associated  short  rise  times,  arc  desirable  for  Hgtiressive  closed-loop  piloting 
tasks,  such  as  au  to-air  tracking  and  air  refueling,  lower  bandwidth  responses  (and  associated  longer  use  times) 
arc  acceptable  for  less  aggressive  tasks  sn  h  a.s  up-and-away  cruise  flight  and  maneuvering. 

Task  rcqiiiremcnl.s  for  increased  piloting  aggrcs.dvcnesa  lead  to  the  need  for  higher  cr<iss-over  frequencies  than 
can  be  achieved  by  the  simple  pure  gain  piloting  technique  of  equation  (R.2.1)  Ibe  increased  phase  lag  (i.c. 
deteriorating  phase  margin)  associated  with  higher  cioss  ovcr  frequencies  must  be  offset  by  pilot-supplied  lead, 
i  c.  control  anticipation  These  icquircmcnis  f<»r  pilot  lead  cause  an  increase  in  pilot  workload  and  a  degrada¬ 
tion  in  perceived  handling  qualities.  A  measure  of  the  rale  of  detenruation  in  the  airciafl  phase  margin  and, 
therefore,  the  requirement  for  pilot  supplied  lead  is  obtained  from  a  handling-qualities  metric  referred  to  as 
phase  delay  r,^  ; 


r 


P 


5 7  3  X  2(4/, 


(8  2  3) 


lilgti  valuer  (if  phase  tlday  iii<licalc  thal  when  the  pilot  attempts  to  rapidly  increase  the  cross. user  frequency, 
there  will  he  large  demands  for  pilot  lead  This,  in  turn,  leads  to  poor  h.indling  qualities  ami  intrca.scd  proha- 
hilily  of  pilot  induced  oscillations  (Anon  ,  I9KK,  [8  2  2])  Tasks  which  can  he  considered  as  How-  gain"  tcquiic 
lower  cross. over  frequencies  am)  arc.  therefore,  not  as  sensitive  to  large  phase  delays.  The  tuircnt  f  .s  Han- 
dling-QiAalilif  t  Requirfmcnl^  for  Miliiary  hotorcraft  A1)S-.3.3C  (Anon  ,  1988,  [8  2 .)])  specify  desirable  levels 
of  bandwidth  and  phase  delay  for  on-aiis  altitude  responses  (e  g  c/d  -  (l>/d|g,  in  l  iguie  8.2.1)  appropriate 
to  a  variety  of  piloting  task:.  Desirable  (level  I)  handling-qualities  for  the  roll  response  to  lateral  stick  inpul.s 
are  .shown  in  Tigurc  8  2.3  for 

(a)  higli  gain  (target  acquisition  and  tracking)  tasks  and 

(b)  all  other  piloting  tasks. 

Compliance  with  these  specifications  must  be  dcmonslralcd  for  the  fliglii  vehicle  (and/or  simulation)  using 
non-paianietric  frequency-response  identification  techniques. 

Non-paramctric  models  identified  in  the  frequency  domain  are  very  useful  for  these  haiiilling  qualilics  analyses 
because: 

1  I  hey  arc  rapidly  obtained  from  flight  tests 

2  'Ilicy  contain  no  inherent  assumptions  of  model  structure  or  order 

.3  llic  handling-qualities  metrics  (eVbw.  7p)  arc  detennined  ditcclly  ftoin  inspection 

Trequcncy-rcsponse  testing  and  analysis  techniques  initially  developed  and  ileinonstratcd  for  helicopler.s  using 
the  XV-15  (Tischicr  et  al  ,  1983,  [8.2  4])  and  the  Bell  214-ST  aitcraf)  ( Tischlcr  cl  ah,  1987,  [8.2.5])  have 
become  a  standard  part  of  the  rolorCTaft  spccificalinn  compliance  testing  procedure. 

I’arainclric  models  arc  needed  in  handling  qualities  .studies  which  use  parametric  analysis  tools  such  as  root 
locus,  and  state-space  based  methods  (Anon  .  1988.  [8  2.2]).  Also,  the  conelation  of  subjective  handling- 
qualities  ratings  with  vehicle-based  aerodynamic  characteristics  (e  g  roll  damping  and  toll  control  sensitivity) 
is  often  used  in  the  dcvclopniciil  of  handling-qualities  design  criicria  Parametnc  models  used  for  this  puiposc 
aie  generally  low-order,  decoupled  .singlc-inpul/singlc-oulpul  transfer-function  rcpiesenitilions  of  the  'cfTcctive" 
aircraA  response  characteristics  important  in  the  pilot  eross-over  Irequcncy  range.  I'or  example,  in  the  fixed- 
wing  handling-qualities  specification,  a  second-order  model  must  be  identified  to  allow  characterization  of  the 
short-period  response  of  aifcra(\  pitch  altitude  to  longitudinal  inpul.s  and  demonstrate  compliance  with  the 
design  criicria.  'Die  AI3S-.3.3(!  specification  for  rolorcraft  gives  desirable  chara.rteristics  of  the  vertical  velocity 
response  to  collective  inputs  in  terms  of  a  first-order  transfer-function  model  h/rJ^m  An  excellent  review  and 
analysis  of  helicopter  handling-qualities  using  parametric  system  identification  of  low-order  models  is  given  by 
Houston  and  Horton  (1987,  [8.2.6])  based  on  SA-33n  and  Lynx  flight  test  and  simulation  data.  Both  fre¬ 
quency-domain  and  limc-dom-ain  methods  are  employed  in  the  handling-qualities  communities  for  parametric 
system  identification. 


I 


Ilic  following  sections  demonstrate  the  application  of  bc^lh  non-paramctKc  aj\d  parainclnc  system  identifica¬ 
tion  methods  for  handling  qualities  studies. 


8.2.3  Non-parametric  Model  Idcntincation  for  llandli.ig-QiiaJi(i«  Studies 

I  his  section  discusses  special  requirements  for  identification  of  non-parainctric  (frequency-response)  models 
and  presents  an  illustrative  example  using  the  BO  105  data  ba.se. 

Nor«-parainelric  models  used  in  the  evaluation  of  handling-qualities  based  on  bandwidth  and  phase  delay 
metrics  must  l>c  accurate  in  the  frequency  range  of  the  data  u.scd  in  the  calculation  (e  g.  equation  (R.?  for 

^p) 

0  5  <  oj  <  2.5t/y,g^  (8.2  4) 


As  seen  in  1  igurc  8  2  >,  the  range  of  acceptable  bandwidth  frequencies  in  the  pitch  and  roll  axi.s  i.s  rouglily 
1  rad/s  —  4r;  ;/s.  Based  on  equation  (R.2  4),  and  assuming  a  simple  second-order  closed-loop  attitude 
response  characlcrislic,  the  required  range  of  accurate  identification  is  rougldy  0  5  rad/s  1o  15  rad/s.  (Clearly  the 
very  low  frequency  behAvior  of  the  phugoid  (and  spiral)  dynamics  arc  not  as  imporlanl  for  handling-quality 
applications  as  they  arc  to  the  requirements  for  identifying  a  complete  6  l>ol-  fliglii  mechanics  model. 

Ihc  frequency-sweep  input  is  pariicularily  well  suited  for  achieving  accurate  non  {‘arameiric  (frcqut.ncy- 
response;  idcnlificalion  iKcausc  it  produces  an  even  distribution  of  spectral  content  acro.ss  the  desired  frequency 
range,  1310  range  of  excitation  js  dctcunincd  by  selecting  ihc  period  of  the  lowest  frequency  input  and  the  cycle 
rale  of  live  highest  frequency  input.  At  least  two  complete  frequency  sweeps  arc  concaicnaicd  tvi  increase  the 
ainounl  of  data  used  in  the  sfKJCtral  analyses  and  thus  reduce  the  variance  in  the  spectral  e.stimatcs.  Three  fre¬ 
quency  sweeps  arc  executed  consecutively  in  each  of  the  primary  axes  to  ensure  that  two  good  runs  arc 
obtained.  Instrumentation  requirements  for  identifying  handling-qualities  models  arc  csscntial'y  the  same  as 
those  required  for  i<lcnlirying  the  more  complete  flight  incchanics.  'Ibc  insinuncntatiun  characteristics  must 
be  carefully  selected  lu  minimi/c  their  influence  on  li.c  aircraft  response  characteristics  being  identified  Tiirlhcr, 
the  characteristics  of  the  sensors  and  filters  must  be  well  known  so  that  their  effccl  can  he  incorporated  in  Ihc 
analyses  and  not  cause  the  extracted  response  tharaclcrislics  to  be  biased  by  the  instrumentation  dynamics, 
iunaliy,  the  flight  tests  must  be  conducted  during  periods  of  minimum  ambient  wind  and  lurbuiencc  to  n’ducc 
the  random  errors  in  the  identification. 


Might-test  inputs  for  flight-mechanics  tmidcl  identification  are  typically  difficult  to  execute  for  the  hover  flight 
condition,  tiowever.  the  reduced  identification  frequency-range  needed  for  handling-qualities  applications 
allows  much  shorter  record  lengths  and  higher  minimum  excitation  frcqucncic.s,  thus  reducing  difficulty  of 
achieving  acceptable  excitation  even  in  hover,  l  urthcrmorc  mo.si  liandling-qualilies  applications  arc  concerned 
with  the  augmented  (i.c,  stability  coniro!  augmentation  sy.stcm  engaged)  vehicle  rcspon.se  characteristics,  for 
which  the  aircraft  dynamics  arc  generally  more  stable  and  more  nearly  decoupled  than  tiic  bare  airframe. 

Atliliulc  rc.sponsc  idciitification  (c.  g  <1>  /  d,g,)  in  the  mid-  and  high-frequency  range  is  best  achieved  using  the 
.angular-rate  .signals  {p  /  which  have  better  frequency  content  compared  to  the  attitude  measurement  var¬ 
iables.  I  hen.  the  rcquiivd  response  is  obtained  by  applying  numerically  a  1/s  correction 

d|al  ^  d,g, 

in  the  frequency  domain. 


figure  R.2  4  shows  an  example  of  tlvc  <P  /  d,3j  rc.sponsc  for  the  HO  lOS  obtained  from  the  ACjARI>  W(il8 
frequency  sweep  data  at  8(i  kn  {events  44.  45,  46).  fhe  bandwidth  and  phase  delay  niclrics  arc  readily  obtained 
from  the  figure  and  equation  (8  2. .3)  to  yield; 


-  5.72  rad/s 
Tp  =  0.062  s 


(8.2.5) 


Ibcsc  values  ate  then  .spotted  on  the  AiXS-.33C^  specifications  in  figure  8.2  3  1  he  BO  105  characteristics  arc 
seen  to  l>e  in  the  desirable  range  even  for  the  most  demanding  piloting  tasks.  1  Iris  is  a  rcflccifMi  ot  the  high 
effective  hinge  olTscl  of  the  BO  105  Iringciess  rotor,  and  the  lack  of  ad  liiional  lime  dclay.s  in  this  unaugmenlcd 
aircraft.  Much  larger  effective  lime  delays  arc  usually  associated  wilh  lliglit  control  .system  augmentation  in 
advanced  rotorcrafl  ( l  ischicr,  1987,  [8.2.7J). 

'Ibe  presence  of  the  Icaddag  dynamics  causes  a  dip  in  the  phase  curve  near  the  2a;^gQ.  frequency  as  indicated 
in  Figure  8.2.4.  This  causes  the  phase  characteristics  to  be  a  nonlinear  function  of  frequency  and  makes  the 
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phase  delay  caJeutation  cxircmcly  sensitive  to  the  idenliftcd  value  of  2a;,  qq.  In  such  ciicumstances.  the  phase 
delay  para/TiCtcf  should  be  determined  by  a  least-squares  fit  to  the  phase  data  in  the  piloted  cross-over  region 
(AnS-33(')  as  illustrated  in  Tigurc  8  2  5.  The  results  show  that  for  the  present  ease,  the  least-squares  calcu¬ 
lation  produces  essentially  the  same  phase  delay  value  as  ^^as  obtained  directly  from  the  two  point  approxi- 
matio.n  in  higurc  8.2.4. 


8.2.4  Parametric  Mrkdei  Identification  for  llandling-Qualillcs  Analy.scs 

Kandlmg-qualitics  analyses  based  on  parametric  models  of  the  pilot/aircraft  .system  of  Tigurc  8.2  1  must  be 
accurate  in  the  region  encompassing  the  pilot  cross-over,  As  a  rule  of  thumb,  the  frequency  range  of 
validity  should  encompass: 

0.3  o/^  ^  a;  5  3.0  (8.2  6) 

'["he  pih)t's  feedback  loop  suppresses  the  dynamics  at  lower  frequencies,  while  the  natural  roll-off  iMihavior  of 
systcHi  response  reduces  the  importance  of  the  hi^-frcqucncy  dynamics.  Ihus,  closed-loop  pilot/vchiclc 
characteristic.^  are  dominated  by  the  of»cn-loop  jcsponsc  c/e  in  the  frequency  range  of  equation  (8.2  6). 

Parametric  system  identification  methods  for  application  to  handling-qualities  must  be  tailored  to  be  most 
accurate  in  the  frequency  range  of  equatiem  (8.2.6),  with  considerably  reduced  accuracy  being  acceptable  out¬ 
side  of  thi.s  frequency  range.  Ihis  suggests  that  hartdiing-qualities  models  for  attitude  task  analyses 
(1  rad/s  £  S  3  rad/s)  sliauld  be  accurate  in  the  frequency  range  of  0  3  rad/s  to  9  rad/s.  WG18  identifi¬ 
cation  results  indicate  that  a  quasi-steady  model  formulation  will  be  quite  acceptable  for  charattcri/ing  heli¬ 
copter  dynamics  in  this  frequency  range,  rurthcrmorc.  as  discussed  earlier,  parametric  handling-qualities 
models  are  generally  assumed  to  have  a  very  simple  decoupled,  first  or  second  order  structure  to  expose  the 
dominant  cliaractcnstics  of  concern  to  the  pilot.  'Phis  is  especially  true  for  analyzing  handling-qualities  of 
augmented  vehicle  dynamics,  since  augmentation  tends  to  suppress  most  of  the  couplctl  and  secondary  open- 
loop  vehicle  dynamics.  Clearly,  model  .structures  for  handling-qualities  analyses  applications  are  significantly 
simpler  than  the  6  Dol'  flight  mechanics  models  identified  by  WC518.  The  rudimcniary  models  adopted  to 
represent  the  pilot  i^c.g  equation  (8.2. 1))  make  a  more  accurate  modeling  of  the  roloiciafl  dynamics  inappro¬ 
priate 

Ibc  simple  parametric  model  structures  adopted  for  handling-cjualiiics  analyses  allow  considerable  relaxation 
of  the  input  design  requirements  and  computational  algorithms  needed  for  parametric  system  identification. 
The  main  requirement  is  to  acquire  data  with  record  lengths  on  the  order  of  2  to  .1  time  constants  o!  the  modes 
included  in  the  model,  f'or  example,  a  typical  heave  damping  constant  »  -0  5  /5)  implies  a  time  constant 
of  2  seconds.  Thus,  dc.siiablc  record  lengths  to  identify  this  parameter  from  flight  data  would  be  of  the  order 
of  4  to  6  seconds  These  record  lengths  arc  considerably  shorter  than  necessary  to  identify  the  coupled  and 
lower  frequency  behavior  for  a  full  6  DoT  flight  mechanics  model  Rapid  identification  algorithms  based  in 
both  frequency -domain  ('lischicr  et  al..  198.3,  [8.2.5];  Tischlcr  ct  al.,  I9P7,  [8.2.6])  and  time  domain  (Anon  , 
1988,  [8.2.3])  are  available  for  this  application.  Ilie  following  two  examples  based  on  the  WG18  An-64 
data-base  illustrate  tlie  use  of  time-domain  and  frequency-domain  system  identification  methods  to  extract 
lower-order  parametric  handling-qualities  models. 


8.2.4.I  Time-I>niiiain  Wcnfification  Example 

file  Al)S-.l.3<’  specification  requires  the  idcnlificaiion  of  the  first-order  model  of  vertical  response  to  collective: 


K  exp(— rs) 


(8  2.7) 


based  on  a  slinpUfieJ  time-domain  outpul-e'Tor  technique-  ‘I'he  required  analy.sis  a.ssumcs  that  the  input  is  a 
pure  step  litis  yields  the  simple  closed-form  solution  for  the  vertical  rale  response: 


('esi(') 

^,l(0  =  0 


K  1  -  exp^  —  ~  ^  ^  (or  ; : 


for  ( <;  r 


(8  2.8) 

(8  29) 


Although  not  contained  in  the  turreiit  specification,  the  constraint  of  equation  (8.2.9)  is  necessary  to  yield  a 
causal  model  response  (1  lowilt,  1990,  [8.2.8])  In  practice,  the  starting  time  (( ••  0)  is  assumed  to  be  at  the  mid 
point  of  the  control  input,  since  a  finite  time  will  always  be  required  to  achieve  the  full  input  during  flight 
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testing  The  parameters  of  equation  (%.2.7)  arc  to  be  obtained  by  a  non-linear  optimiration  scar  h  to  minimize 
the  squared-error  between  tiie  model  output  and  flight  test  Jala: 

-  ('iest-'>dat,)’  <8  2  10) 

Tabic  Tabic  8.2  I  on  pagt  274  presents  the  ADS-33C  specifications  of  the  paramcicr  values  for  desirable 
handling-qualities  (Level  I). 

The  collective  step  response  of  the  All-64  for  ihc  130  kn  flight  condition  shown  in  Figure  8.2  6  was  obtained 
by  using  the  first  portion  of  the  doublet  record  (flight  883,  event  10).  Tlie  input  is  assumed  to  be^  at 
t  =s  1.2  s,  which  corresponds  to  the  mid-point  of  the  initial  collective  step.  The  end-of-record  is  taken  at 
i  m  4.51  s.  which  corresponds  to  the  point  of  collective  control  reversal.  Therefore,  the  total  record  length  used 
in  the  identification  procedure  is  t  =  3  31  s.  Considering  an  approximate  heave  damping  value 
(Zj^as  -0.5  s“^)  based  on  the  Al!-64  results  obtained  by  the  DLR  (section  6  1).  the  system  time  constant  is 
about  2  seconds,  thus  indicating  that  the  record  length  is  marginally  acceptable  for  the  current  identification 
problem. 

The  traiisfer-funciion  parameters  identified  using  the  data  of  Figure  8.2.6  arc: 

K  =  -160fts''V%  =  -0.488  ms“V/o 

I  =  0  192  s  (8. 2.11) 

=  1.86  s 

The  model  response  as  estimated  from  equations  (8.2  8).  (8.2.9),  arid  (8  2. 1 1)  is  siiown  in  i-igure  8.2.6.  'Hie 
correiatinn  coefTicient  is  a  measure  of  the  accuracy  with  which  the  identified  model  satisfactorily  characterizes 
the  flight  lest  data: 

^  .  <<*«!  “  <'aata) 

^  -  (B.2.12) 

I  m  1 

where  h  denotes  the  mean  value  of  h.  Tor  the  results  of  Figure  8.2.6  is: 

/•’  =  1017  (8  2  13) 

ITc  bpecificatiun  requires  a  correlation  coefficient  in  the  range  of  0  97  to  1.03  llicrclorc.  while  there  arc  sig¬ 
nificant  deviations  between  the  model  predictions  and  the  flight  test  data,  the  fit  is  consulcrcd  to  be  satisfactory 
for  handling-qualities  applications.  Comparison  of  the  equation  (8,2.10)  paranieiers  with  the  specification 
(  Table  8.2.1)  indicates  that  the  yMI-64  achieves  desirable  (l.cvel  1)  handling-qualities  characteristics  for  the 
vertical  response. 

When  a  helicopter  is  operating  with  the  automatic  flight  control  system  disengaged,  as  in  the  present  case,  the 
parameters  of  equation  (8.2.10)  correspond  to  the  bare  airframe  stability  and  control  dcrivalivc.s; 

=  K  =  -0  488  m  s“^/% 

Zy,  =  -j-  =  -0  54s“'  (S.2.14) 

h 

T  =  rotor  delay  =  0  192s 

the  DLR  results  for  these  parameters  as  obtained  from  Ihc  full  6  OoF  model  identirication  are  repeated  for 
comparison  ttdlh  equation  (8.2. 14): 

=  -0.264 

Zy,  -  -0.547  s"’  (8  2  15) 

r  =  0.117  s 

Tlie  rather  crude  identifleation  technique  of  equation  (8.2.8)  yields  aji  accurate  identification  of  heave  damping 
(Z^).  The  norma]  sensitivity  (Z^j^^,)  and  time  delay  (r)  are  somewhat  overestimated,  and  may  be  correlated  - 
trading  off  one  against  the  other  in  Ihc  simple  identification  scheme  The  level  1  specifiiastion  is  achieved  even 
for  the  overestimated  time  delay  of  equation  (8.2.14),  although  the  pilot  opinion  of  the  model  of  equation 
(8. 2. 1.5)  would  probably  more  accurately  reflect  the  true  aiicraif  behatior. 
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8.2.4.2  Frequency-Domain  Idenlincttion  Example 

Frequency-domain  methods  provide  a  reiiabie  approach  for  extracting  physically  meaningful  low-order  han¬ 
dling-qualities  models  because: 

1.  model  struciure  can  be  selected  based  on  a  visual  inspection  of  the  non-pararaetric  frequency-response 
identiTicatlon  results  and 

2,  the  frequency  range  of  fit  can  be  restricted  to  the  model's  range  of  applicability  (Cihen  et  al.,  1987, 
[8.2.9]). 

This  approach  is  illustrated  using  the  WG18  frequency  sweep  data  for  the  AH-64 

The  frequency  response  of  pitch  rate  due  to  longitudinal  actuator  inputs  was  obtained  (from  flight  883  events 
3  and  5)  using  the  frequency-response  identification  techniques  of  section  5.5and  is  presented  inFigure  8.2  7  . 
Good  coherence  is  achieved  in  the  frequency  range  from  0.6  rad/s  (corresponding  to  the  starting  frequency  of 
the  automated  sweep)  to  lOrad/s.  The  coherence  function  ol  nearly  unity  indicates  excellent  identification 
accuracy  and  response  linearity  in  this  range.  Visual  inspection  of  the  frequency  response  of  Figure  8.2.7 
indicates  a  fundamental  first  order  characteristic.  Attempts  to  fit  .‘he  pitch  rate  response  with  a  second-order 
model,  or  a  simultaneous  fit  of  the  pitch  rate  and  normal  acceleration  responses  with  the  short  period  model 
proposed  by  RAli  (Houston  et  al  ,  1987,  [8  2.6])  resulted  in  overpar.uneteruation  The  second-order  pitch  rate 
transfer  function  reduced  to  a  first  order  form,  thus  indicating  a  ver/  weak  coupling  between  pitch  rate  and 
vertical  rc.sponses.  Ibis  finding  is  further  supported  by  the  very  small  identified  values  of  the  coupling 
derivative  determined  by  the  DTR  (M„  0  013)  artd  the  NAE  and  MDHC  (M„  =  0  00513).  The  following 

decoupled  pilch  rate  response  was  obtained  from  a  20  point  match  over  the  frequency  range  of  from 
0  6  rad/slolO  rad/s: 


M. 


aior. 


''‘^^100  -  W) 

s~M^ 

0.0274  s~V% 

-0  7754  s"’ 

0.0993  s 


(8.2,16) 


The  frequency  response  comparison  between  the  low-order  transfer  function  model  (equation  (8.2, 16))  and 
flight  lest  data  is  excellent  over  the  frequency  range  of  the  fit  as  shown  in  Figure  8.2.7.  For  comparison  with 
the  above  simple  model  results,  the  parameters  obt^ned  by  the  Ul.R  for  the  full  6  DoF  model  (Section  6. 1) 
are  repeated  below: 


Mxion  =  0  0275  3-’/% 

-  -0  7741  s"'  (8.2.17) 

han  =  0.100  s 

Ihe  agreement  between  the  first  order,  I  Dof'.  handling-qualities  model  and  the  full  6  DoF  results  is 
remarkable  (compare  equations  (8  2  16)  and  (8  2.17)),  substantiating  the  use  of  the  simplifud  model  in  the 
limited  frequency  range  of  applicability. 

The  utility  of  the  simplified  transfer  function  mode!  was  checked  using  time  domain  venfication  for  a  doublet 
input  As  seen  in  Figure  8.2.8,  the  predicted  and  measured  responses  of  pitch  rate  and  pitch  attitude  are  nearly 
identical  for  the  8  seconds  record  length  shown  in  Ihe  figure.  This  8  seconds  record  corresponds  to  about  6  time 
constants  of  the  identified  pitch  rate  mode.  Clearly,  the  transient  pitch  rate  response  chaiacleriilics  of  the 
AH-64  that  arc  of  interest  to  handling-qualities  are  satisfactorily  captured  by  this  very  simple  firsl-o.'der  trans¬ 
fer-function  model. 

As  seen  in  Figure  8.2.7,  the  poor  coherence  at  lov/  frequency  is  not  satisfactory  for  allowing  an  extraction  of 
the  bandwidth  and  phase  delay  parameters  from  the  identified  frequency-response.  However,  these  par.xmcters 
can  be  obtwed  by  extrapolating  the  transfer  function  model  response  into  the  needed  frequency  range: 

0  678  rad/s 

Xp-  0.074  8  (8.2  18) 

Coropanson  of  these  values  with  the  ADS-33C  spectiicatioDS  (Figure  8. 2. 3)  indicates  Level  2  handling-qualities 
for  the  unaugmented  AH-64  in  the  nonaggressivc  piloting  tasks,  level  2  handling-qualities  for  a  failed  (or  dis¬ 
engaged)  AFCS  condition  is  generally  considered  acceptable. 
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8.2.5  Summary 

Key  considerations  in  the  application  of  sy.stem  idcntiHcalion  techniques  to  handling^qualitics  studies  that  were 
highlighted  in  this  section  arc; 

1.  Requirements  on  flight  testing,  models  structure,  and  identification  algorithms  are  substantially  eased 
because  of 

a.  the  rather  restricted  frequency  range  of  appUcabUity  needed  for  analyzing  pilot-in-lhe-loop  han¬ 
dling-qualities;  and 

b.  the  desiie  for  simple  handling-quaUttes  models  which  capture  the  inherent  dynamic  characteristics 
using  a  few  number  of  parameters. 

2.  Non-parainetric  models  are  very  useful  for  handling-qviaJitics  and  are  ea.siJy  obtained  in  the  frequency 
domain  from  frequency-sweep  flight  test  data. 

3.  Simple  parametric  models  arc  useful  for  characterizing  the  dominant  vehicle  characteristics  in  the  fre¬ 
quency  range  of  interest  to  handling-qualities  and  for  establishing  handling-qualities  design  guidelines. 

4.  lixamples  of  frequency  and  time  domain  identification  techniques  applied  to  the  BO  105  and  AM-64 
databases  illustrate  that  rather  simple  modeling  and  identification  methods  ran  reliably  be  used  to  support 
rotorcrafl  handling-qualities  studies. 
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Handling-Qualities 


Fi,'ure  8.2.1.  Pilol/vehicle  system  block  diagram 
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Figure  8.2. S.  Determinalion  of  phase  delay  using  '.east  squares  filling  procedure 
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8.3  System  Identidcalion  Requirements  for  lllgh-Bandwidth  Rotorcraft  Flight  Control 
System  Design' '*) 


IntitMiuction 


System  i;  ntir:c.'iion  procedures  provide  an  excellent  tool  for  improving  mathematicaJ  models  used  for  rotor* 
craft  Higlit  control  system  design  Dedicaied  fiiglit  tests  of  a  prototype  helicopter  can  be  conducted  to  update 
the  fitglil  mechanics  to  update  the  fliglit  mechanics  models  and  optimize  control  system  gains  early  in  the 
development  process.  Such  an  approa.:h  has  already  been  taken  by  Kaletka  and  von  Cirunhagen  (I9R9. 
[8  .1.1])  in  the  development  of  a  fly-by  wirc  BO  105,  and  by  Bosworth  and  West  (1986,  [8.3,2])  in  the  dcvel* 
opment  of  the  X-29A. 

Ihc  identification  of  models  tor  use  in  flight  control  system  dcsigri  involves  requirements  that  are  considerably 
different  from  those  encountered  in  other  applications  such  as  piloted  sinmlation  and  wind  tunnel  model  vali- 
daiion  Models  identified  for  use  in  simulation  and  wind  tunnel  validation  must  he  generally  accurate  over  a 
wide  spectrum  of  frequencies  from  trim  (zero  frequency)  ard  phugoid  (liiw  frequency)  to  the  deminant  tran* 
sient  responses  of  the  longitudinal  shoi1  period  and  foll-sub.sidcnce  modes  (mid/high  frequency).  J  hcreforc,  in 
leans  of  stabilit)  and  control  derivatives,  the  low-frequency  parameters  sucii  as  the  .speed  derivatives  may  he 
just  as  important  to  a  fiiloi  .s  perception  of  simulation  fidelity  as  tin  accutalc  value,  of  roll  damping. 

Tractical  (light  control  system  design  requites  models  that  are; 

I.  higlily  accurate  in  the  crossover  frequency  rangc-to  c'.ploit  the  maximum  achievable  pcrformarcc  from 
the  helicopter,  and. 

2  robust  in  the  crossover  range  with  respect  to  flight  condition,  and  input  fonn  and  si/c^to  ensure  lha* 
closed-loop  si«h  lity/perfonnance  is  inairrained.  I'hc  coa»fol  system  design  can  be  made  sufl'icicntly 
robust  to  comf»cnsaie  for  poor  model  robustness,  but  at  the  c;ipcnsc  of  pcrlormanec. 

Ibcsc  requirements  are  especially  difficult  for  advanced  hi'jh'bandwidih  control  .sy.Moms  where  the  crossover 
rai.gc  occurs  at  Ireqotnrios  near  the  limit  of  current  idenlifivation  capabilities. 

I  his  pat>cr  examines  in  detail  these  rc(|ui/cfncnts  for  system  identification  .ipplication  to  high  bandwidrh 
control  design.  Much  of  this  paper  discusses  the  need  in  control  system  design  for  higher-order  models  Ihrt 
i!k1uJc  rotor  'bnamics.  (t  is  interesting  to  note  that  the  inclusion  of  rotor  (lapping  dynamics  in  an  optimal 
control  syst'  gn  m  'Ihodology  was  investigated  by  Hall  ^nd  Bryson  (1973,  [R..V3j)  many  years  ago. 


13ic  1  d)  re 
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of  the  BO  IhS  helicopter  (l  igorc  8  .3.1)  at  a  trim  condition  of  40  m/s  i.s  used  Ihrouglioul  to 
noinis  of  ih/  analysi"  I'hc  liigh-bajidwidth/highly  coupled  rv)tor  sysicr  c.f  the  hU  105 
s^.strm  designer  with  a  *mosi  difficuU  ease’  .scenario  F  light  data  j>rcscn!cd  in  this  paper 
I  I  H  Institute  for  Miglit  Mechanics  as  part  of  the  ACJAR I)  W(i  I K  on  Hoiorcraft  System 


8..3.2  Simple  Modct-l-olloising  (bnirol  ^Sys(cm 

l  igurc  8.3  2  .shows  a  simple  design  of  the  roil  channel  for  control  system  based  on  an  cxjdicii  model  following 
concept.  An  aliitudc  command/attituJc  hold  configuration  is  *^hf)wn,  with  only  roll  uiglc  feedback  for  the 
preset  t  The  error  signal  is  formed  from  (he  difference  between  the  actual  roll  angle  rcjsponsc  and  that  of  the 
desijed  ^^^m^land  model. 

I  hc  control  law  design  f  roblcin  for  this  simple  system  involves  the  selection  of  the  stabiliziaion  loop  gain  K, 
and  ail  appropriate  command  model  l>csign  requirements  based  on  the  U  S.  military  handling  qualities  spec¬ 
ification  (Hoh  ct  al  ,  1988,  [8.3.4])  are  for  an  overall  ciosed  loop  roll  altitude  i>andwidth  on  45” 

phase  marpin)  in  the  range  of  2  rad/s  S  i  4radrB.  I'hc  desired  stabilization  loop  bandwidth 
(^ow'STAB  **  selected  as  vwicc  this  range  4  rad/S  S  ((‘'iwJsTmD  ^  G  rad/s  to  achieve  good  model- 

following  and  gust  rejection  ( I  isclilcr,  1987  [8.3.5]).  This  implies  a  slabii /atirn  loop  cros.sovgr  frequency  (of 
O/rp^)  in  the  same  range,  with  associated  satisfactory  phase  and  gain  margins.  Ihe  following  section  addresses 
the  'Jcntification  and  modeling  aspects  for  achieving  i.iese  desired  slabilizalior.  loop  cKa/acieristics  d>/0m- 
Con  inand  model  selection  addressed  herein,  becuu.se  it  is  not  an  identification  issue. 


P.'iucipil  Auihor:  Mwk  B  3  ilchkf,  Art)D 
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8.3.3  Idcnlilication  Models  for  Control  Syslern  Design 

Identification  models  for  use  in  control  system  design  can  be  categorized  as  noii-paramctiic  (e.g  ,  frequency- 
response)  or  par  imetric  (e.g  ,  transfer-functions  and  state-space  models).  Both  types  of  models  are  discussed 
in  this  section. 

8.3.3.I  Nunparamelrtc  Frequency -Response  Model 

Nonparametric  identification  models  are  highly  useful  as  .starting  points  for  control  system  design  because  they 
contain  no  inherent  assumptions  on  model  order  or  structure.  The  frequency  nesponx  is  complete  and  accurate 
(within  the  frequency-range  of  good  coherence),  and  provides  the  fundamental  open-loop  characteristics  needed 
for  both  classical  and  modem  frequency-domain  based  design  methods  The  identified  frequency-response  is  a 
descrihing  function  model  of  locally  linearized  nonlinear  behavior  The  seventy  of  this  assumption  can  be 
checked  by  comparing  extracted  describing  functions  for  different  input  at.iplitudcs. 

A  robust  control  system  design  requires  a  model  that  is  accurate  over  a  frequency  range  that  spans  the  intended 
crosso'  er  region.  However,  the  helicopter's  dynamics  and  thus  the  achievable  crossover  frequency  are  unknown 
at  this  stage  I  bus  a  iionparamctrie  model  that  is  accurate  over  a  broad  frequency  range  is  desirable  Pilot 
generated  fiequcncy -sweeps  arc  especially  well  suited  for  this  purpose  ((.hen  et  al  ,  1QR6.  [8  3.6];  lischlcr  et 
al  ,  1887.  [8  3.7])  Piloted  frequency-sweeps  of  the  flO  105  were  conducted  over  a  range  of  ftr-iucncies  from 
0  1  Hz  to  5  Hz  (corresponding  io  angular  frequencies  of  0  63  rad/s  to  31  4  i  ad/s)  to  excite  all  the  dynamic 
modes  of  concern  (I igufe  8.3  3) 

1)10  identillcd  open-loop  ((p/d|;,i)  frequency  rc.vponsc  of  the  DO  105  body.'rolot/actualor  sjstcin  for  the 
4(1  m  s  (light  corrlitirm  shown  in  I'igure  S  '.4  was  obtained  using  the  spectral  analysis  techniques  of  reference 
(  lischlcr,  1887,  (8  3  8]|  Ihe  spectral  analysis  was  optimized  for  accuracy  in  the  frequency-range  ol 
1  raO/s  s  ui  S  30  rad/s.  which  covers  all  modes  of  concern  tiear  the  crossover  range  Die  associated  roher- 
enee  (I'igure  8  34  pari  c)  indicates  accurate  identification  in  this  frequency  range  IT.e  Bosic  plot  of 
1  H'lre  8.3,4  shows  that  with  roll  attitude  feedback  only,  a  maximum  crossover  frequency  ((p/ij),-  of 
41/,  =  5  72  rad/s  can  be  achieved  for  phase  and  gain  margins  of  45°  and  6  dll,  rcspedivcly  these  charaetei- 
isties  meet  the  design  specifications  for  this  simple  system  llovecvcr,  mil  rale  feedback  v  ili  be  ncecssc-r>  to 
o(Ts.‘t  additional  lags  in  a  practical  design  implementation  (Tischier,  1987,  [8  3  .5]) 


8.3.3.2  Parimetric  Model 

A  parametric  model  of  the  roll  response  i'  useful  to  facdilaie  detailed  control  design  .studies  Ihe  fundamental 
considerations  in  deriving  such  a  paramelnc  model  -are: 

1  FreqiKncy-rwgc  of  valklily 

the  frequency -range  of  model  validity  should  extend  substantially  on  cillicr  side  of  the  crossover  fre 
qucncy  As  ,s  rule  of  thumb,  dynamics  modes  vsirh  Irequentics  of  0  3  to  3  0  times  the  etossover  frequency 
will  coninhulc  substantially  to  (he  closed  loop  rc.sponse  In  the  prciem  case,  this  indicates  that  the  par 
arrietnc  model  should  be  valid  in  the  frequency  range  of  2  rad/s  to  10  raiJ.'s.  which  includes  all  of  the 
classical  altitude  resiMinsc  modes  (short  period,  dutch  roll,  and  roll  subsidence)  and  the  regressing  rotor 
modes  (dapping  and  I  i-lag),  and  dynamic  indow  (for  lower  speed  onditions)  Accurate  chaiactcnzation 
outside  of  this  frequency  range  Is  not  importsnt  to  control  system  design  for  the  design  bandwidth  sciwted 
here  Closed-loop  Csintrol  suppresses  all  low  frequency  open  loop  response,  so  that  accurate  knowledge 
of  Ihe  speed  derivatives  (phugoid  and  spiral  dynamics)  is  of  little  importance 

2  Model  Order 

The  model  order  must  he  high  enougii  to  capture  Ihe  impi  rtwt  dynamic  characteristics  in  the  frcqijcn- 
cy-rangc  of  model  validiiy.  In  the  frequency -domain,  this  means  a  sufficient  riumbcr  of  states  to  achieve 
a  "good  fit'  of  the  nonparametric  respasnse  of  I'igure  8  3  4  is  needed  in  the  ilesired  frequency  rangge 
However,  if  the  model  order  is  excessive,  model  parajiiclers  will  exhibit  Icigc  variability  to  small  changes 
in  flight  condition,  input  fonn,  and  input  size  which  will  eontprormse  robustness  ( I  aylor,  1974,  [8.3.8]). 

3  Estimate  of  Model  Accuracy 

riigln  control  design  requires  an  estimate  of  the  sccurac,'  of  the  aerodynamic  parameters  Modem  Mul- 
liplc-Input-Mulliple-Outpul  (MIMO)  methods  that  feedback  all  outputs  to  al!  cr/ntrols  require  a  con¬ 
sistent  level  of  accuracy  in  the  characterization  of  all  of  the  on-  and  off-axis  responses  Mclrrcs  such  as  the 
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Cramer-Rao  lower  bound,  mjhi-run  scatter,  and  frequency-response  errors  are  useful  for  assessing  model 
accuracy 

4.  Model  Robiaslncsa 

Models  must  be  robust  with  respect  to  (light  condition,  input  form,  and  input  size  Model  structure 
determination  methods  are  useful  in  reducing  parameter  insensitivity  and  correlation,  which  in  turn 
improves  model  robustness.  Also  model  verification  with  alternative  input  forms,  and  magnitudes  arc 
useful  in  this  regard 


8.3.4  A  Higb-()rder  Model  for  Roll  Rceponse 

A  7th-order  model  is  selected  as  the  "baseline  model"  that  captures  the  key  dynamics  in  the  frequency  range 
of  concern  {2  rad/s  to  18  rad/s): 

1  coupled  roll/rotor  flappmg  dynamics  (2nd  order). 

2  leau-!ag/air  resonance  (2nd  order). 

3  dutch  roll  dynamhrs  (2nd  order). 

4  roll  angle  integration  (1st  order). 

5.  actuator  dynamics  (equivalent  lime  delay). 

Dynamic  inflow  modes  arc  not  explicitly  included  in  the  above  hst,  because  of  their  small  infiuence  at  this 
forward  flight  speed  (40  m/s).  (Implicit  effects  of  inflow  on  the  roloi  modes  are  captured  in  matching  the  tre- 
qnency-jtspotise  data  )  The  roll  angle  respons'*  to  lateral  stick  Iransfer-fundion  (or  the  baseline  model  is  then 
4th-order  nunieralor  and  7th-order  denominator  The  model  parameters  shown  in  fable  8  .3  I  were  oblamctl 
from  a  frequency  resfmnic  fit  or  Figure  8  3  4  from  1  rad/s  to  30  rad/s  using  50  points  1  be  frequency-response 
comparison  with  the  data  is  seen  in  Figure  8  3  5  to  iharactenze  the  dynamics  accurately  in  the  range  of  con¬ 
cern.  thus  indicaling  that  model  is  of  sufTicicnlly  high  order  The  mismatch  n'  or  the  Iced-lag  mode  (13  lad/s) 
reflects  the  reduced  accuracy  (lower  coherence)  of  the  llighi  data  in  this  fitquency  range  (l  igurt  8  3  4)  I  hr 
45"  phase  margin  ernssover  frequency  for  the  bareline  model  is  taken  from  Figure  8  3  5  as  o/j  •  5  32  rad/s 
which  is  within  7  ""c  of  the  dits,  sLod  the  baseline  gam  marp"  “id  the  frequency  fe.r  clvscd-lvop  ii-cstabiliiy 
(u/^|)  matches  the  data  ( I  able  8.3  2) 

Ihc  transfer  function  model  indicates  a  highly  coupled  body-roll/mior-napping  mode  (f  0  51. 
or  «  13  7  rad/s)  as  is  cxpecied  for  ihe  hingeless  rotor  system  (high  effective  hinge  offset)  of  Ihc  HO  Iil5 
Helicopters  with  low  eflTcctive  hinge  offset  rotors  (or  equivalently  low  flapping  sliflncss),  such  as  some  arlic- 
ulalcd  systems,  will  generally  exhibit  two  essentially  decoupled  first  ordci  modes, 

1 .  body  angular  damping  {L^. 

2  1st  order  rotor  regrevsing 

Iht  decoupled  rotor  mode  is  often  moJclled  by  an  clfeclivc  lime  delay  (he  degree  of  fnidy/rolor  coupling  is 
detrrmired  by  the  flapping  slilfness  as  illustrated  in  Figure  8.3  6  from  llclflcy  cl  al  (1986.  [8.3.!0J)  Ihc 
lead  lag  mode  is  very  lightly  damped  ((  <>  00421)  due  only  to  structural  damping  of  the  hingriess  rotor  and 
the  low  aerodynamic  damping  'Die  total  modal  damping  (o  «  -  fu/  «  0  666  s”  )  agrees  very  weU  with 
previously  published  expciimental  data  (Waimbrodi  et  al  .  1984.  [8  3  11])  Significant  roli/yaw  coupling  is 
apparent  from  the  separation  of  Ihe  complex  pole/ztro  combination  of  Ihc  dutch  roll  mode  I'inally.  the 
equivalent  time  delay  corresponds  well  to  known  control  sysleni  hydraulics  and  linkage  lags 

l-'igun;  8.3  7  shows  the  root  locus  for  variation  in  the  roll  angle  gain  Kg,  (of  Figure  8  .3  2)  The  pole  al  the 
origin  rnoves  to  the  croMover  range,  and  the  dutch  roll  mode  is  slriven  into  the  neighboring  zero  in  a  stable 
manner  The  lead -lag  mode  is  also  driven  toward  the  neighboring  complex  zero,  and  is  slightly  stabilized  ( 
<■  sc  0  0440)  for  the  nominal  crossover  frequency  (n/j  •  5  32).  The  attitude  feedback  gain  is  limited  by  the 
destabilization  of  Ihc  rotor.'ftappiiig  mods  Added  time  delay  to  account  fur  unmodcUed  dynateJes  does  not 
change  these  results  Significantly 

The  closed-loop  frequency  response  of  (from  Figure  8.3.2)  shown  in  I'igure  8  3.8  for 

Kg,  m  322  9  %/rad  indicates  that  good  model-following  will  be  achieved  out  to  the  desired  stabilization-loop 
buidwidth  frequency  (4  rad/s  lo6  rad/s)  The  closed-loop  data  curve  also  abowm  in  the  figure  wns  generated 
by  calculating  K6/(1  -f-KG)  for  each  fiequency.  using  the  open-loop  data  curve  of  Figure  8  5  4  The  good 
agreement  between  the  closed-loop  baseline  model  lespoiue  and  the  (calculated)  data  over  the  broad  frequency 
range  (1  rad/s  1o3Q  rad/s)  funher  demonstrates  the  validity  of  the  7ib-order  model  for  predicting  high- 
band  width  Qight  control  system  petfoimaoce. 


Two  importani  quantitative  metrics  ol  closed-loop  perforntance  are  bandwidth  (oi^)  and  phase  delay 

(Tp)  Closed-loop  bandwidth  is  defined  in  the  handling-qualitie':  eommunity  (Iloh  ct  al.,  1988,  [8  3  4])  as 
the  frequency  at  which  phase  margin  of  the  closed-loop  response.  O/Op,  in  this  case,  is  45°.  (This  definition 
applies  for  attitude  command  systems  as  in  the  piesent  study.)  The  phase  delay  is  a  mca.surc  of  the  phase  rolloff 
near  the  bandwidth  frequency  and  reflects  the  total  effective  lime  delay  of  the  higli  frequency  dynamic  elements 
(rotor  and  actuator  in  this  simple  case).  The  phase  delay  is  defined  as  (Iloh  ct  al.,  1988,  [S.3.4]): 


57  3  k  2<c/,gn 


(8.3.1) 


where 


<<>iao  ~  frequency  where  the  phase  of  ((p/(J)„,)  —  -180“ 
^  phase  angle  at  a  frequency  i.f  2a/„Q. 


Ihc  bandwidth  and  phase  delay  metrics  are  well  predicted  by  the  higlier-order  model  as  shown  in 
Table  8  3.2. 


An  additional  feedback  of  ruU-rate  W'lll  be  required  in  the  control  system  to  offset  lags  and  time  delays  associ¬ 
ated  with  practical  design  implementation  f  igure  8.3.9  shows  a  root  locus  for  variation  of  roll-rate  feedback 
gain  Kp  for  no  additional  time  delay,  rolor/flapping  mode  stability  remains  Ihc  limitation  on  rate  feedback 
gain,  ^though  the  lead-lag  mode  damping  is  clearly  reduced  for  moderate  gam  levels.  When  SO  ms  of  addi¬ 
tional  lime  delay  is  included  to  account  for  fdters  and  computational  delay  in  a  practical  digital  control  system 
implementation  (  fischler,  1987,  [8  3.5]),  the  lead-lag  mode  becomes  rapidly  dcstabilirer!  and  sets  the  limit  on 
rale  feedback.  (A  lag  and  a  pure  delay  have  the  same  effect  on  destabilizing  the  lead-lag  mode  for  this  case.) 
Ifiis  result  illustrates  the  need  for  accurate  knowledge  cf  the  lead-lag  dynamics  in  high-bandwidth  control 
system  design.  Analytical  studies  by  Diiflcr  (1988.  [8.3.12]),  Miller  and  White  (1987,  [8.3  1.3]).  and  (Jurtiss 
(1986,  [8,3,14])  have  made  the  same  conclusions.  A  flight  test  investigation  by  (Iheii  and  Ilindson  (1986, 
[8  3.15])  using  a  vanable-sUbUity  C(I47  hehcopter  demonstrated  the  importance  of  rotor  dynamics  and  conlro. 
system  lags  in  determining  feedback  gain  bandwidth  limits. 


8.3.5  LtmvOnfer  Models  for  Broad-Band  Roll  Response 

1'wo  levels  of  approaimation  that  are  commonly  made  in  fcnnulating  models  for  identification  are  considered 
m  this  section: 

1  Omit  lead-lag  dynamics  (5lh  order) 

A  5th-ordcr  roll-attitude  response  model  was  obtained  by  refilling  the  frequency  rospon.ve  data  without 
the  lead-lag  mode  (  fable  8  3  I  and  fable  8  3  2).  Ifte  transfer  function  result  is  consistent  with  7th-order 
model,  with  only  slight  variations  in  the  remaining  parameters  I  his  indicates  th.nl  the  Icad-lag'air- 
resonance  mode  can  be  modelled  as  a  one  way-coupled  (parasitic  mode),  similar  in  nature  to  an  airenaft 
structural  mode  iftuj.  the  lead-lag  transfer  functions  (quadratic  dipoles)  could  be  appended  onto  a 
8  [X)f  idcfiltTication  model  (flapping  dynamirs  only).  Ihis  approach  has  been  succtssfully  applied  in  the 
slate-modcl  ideniiflcation  of  BO  105  dynamics  (TischJer  et  al.,  1990,  [8.3. 161). 

The  frequency-response  matches  of  the  5lh-onlcr  model  matches  the  high-order  model  very  well 
(figure  8  3  10).  escept  of  course  for  the  i-miss'ion  of  the  lead-lag  mode  'flic  fitting  error  shown  in 
■fable  8  3  1  indicates  only  a  slight  degradation  relative  to  Ihc  7lh-order  model  I’he  roll-angle  gain  is  again 
limited  by  deslabilizalion  of  the  coupled  ro!l./napping  mode.  Of  course,  roU-iale  limitations  due  to  lead-lag 
instability  will  nut  be  detecleil  by  this  model.  Comparison  of  the  closed-loop  response  ((b/(t>„)  of  the 
Sih-order  and  7th-otdfr  model  (figure  8  3. 1 1)  shows  that  the  reduced-order  model  is  very-  accurate  except 
for  the  lead-lag  mode  omission  I'hc  quantitative  metrics  match  the  baseline  model  results  (Table  8.3.2). 

2  Quasi-steady  rotor  dynamics  (4th  order). 

A  4th  ordcr  model  is  obtained  by  adopting  a  quasi-stcady  assumption  for  the  roll  dynamics  and  treating 
the  rotor  as  an  equivalent  lime  delay.  The  resulting  transfer  function  model  fit  is  given  in  Table  8.3,1. 
The  time  delay  of  0.0743  s  now  accounts  for  0.023  5  from  the  hydraulics/  actuator  system  and  0.051  s 
from  the  effective  rotor  delay.  The  qussi-stcady  roll  damping  mode  is  es’imated  al  Lp  ••  —9  87  rad/s. 
I’hc  dutch  loU  pole/zcro  quadratic  has  been  de-luned  for  this  single  axis  f.i.  (This  could  be  improved  by 
considering  a  simultaneous  match  of  016,,  which  will  enforce  the  correct  dutch  roll  location  (Tischler, 
1987,  [8  3.8]).  The  frcqueiicy-respoiiae  of  this  model  is  seen  in  Figure  8.3.10  to  be  a  poor  approximation, 
especially  at  luglier-lrequency,  as  expected  by  the  adoption  of  a  crude  rotor  flapping  approximation.  This 
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is  further  emphasized  by  the  threefold  increase  in  the  fitting  cost  relative  to  the  Sth  order  model 
(Table  8.3.1).  ITie  45"  phase  margin  crossover  frequency  is  under-predicted  by  20%  rela'ive  to  the 
baseline  model,  while  the  gain  margin  is  overptedicled  by  57  %  (Table  8.3.2). 

'ITie  root  locus  versus  altitude  gain  for  this  model  (Pigure  8.3.12)  indicates  that  the  gain  limitation  is  due 
to  the  destabilization  of  a  coupled  2nd-ordcr  pore  rigid  body  mode.  Thus,  the  quasi-steady  model  fails  to 
capture  key  dynamics  of  the  coupled  roll/flapping  mode,  finally,  the  closed-loop  bandwidth  is  underes¬ 
timated  by  26  %  as  indicated  in  Figure  8.3.11  and  Table  8.3.2.  Overall,  the  u.sc  of  the  4lh  order  model 
to  match  the  full  frequency  range  (1  rad/s  to  30  rad/s)  is  seen  to  be  inappropriate. 

8.3.6  Quasi-Steady  Models  for  Ixrw-Frequcncy  Roll  Response 

The  utility  of  the  quasi-steady  approximation  in  characterizing  the  lower-frequency  dynamics  was  investigated. 
For  this  study,  the  dutch  roll  dynamics  were  omitted. 

luguifc  8.3.13  shows  the  variation  in  Lj,  and  the  fitting  cost  for  changes  in  the  upper  fitting  frequency 
8  rad/s  S  cuj  S  30  rad/s.  The  roll  damping  rises  from  Lp  =  —9  3  for  0/5=8  rad/s  to  Ip  =  20.4  for 
ii/j  =  15  rad/s;  however,  the  cost  function  remains  fairly  constant  in  this  range  For  o/j  >  ‘‘4  rad/s,  the  cost 
function  rises  dramatically,  indicating  a  poor  characterization  of  the  dynamic  response.  Note  that  for  the 
ii/j  =  30  rad/s,  the  roll  damping  drops  to  Lp  =  —9.6,  which  closely  corresponds  to  the  4th-order  model  of 
Table  8.3.1  The  extreme  sensitivity  in  the  model  parameters  and  cost  function  for  u/j  >  14  rad/s,  shows  that 
this  frequency  is  the  limit  of  the  validity  of  the  quasi-steady  assumption.  For  0/2  <  14  rad/s,  the  co.st  function 
remains  fairly  constant  at  CF  =  45,  which  roughly  corresponds  with  the  5th  order  fitting  error,  the  higher- 
order  model  being  more  accurate  -as  expected  Tire  variability  in  Lp  seen  even  for  7  rad/s  5  0/5  <  13  rad/s 
will  be  limited  by  the  simultaneous  fit  of  multiple  responses  in  the  full  model  identification  ( l  ischlcr  ct  al., 
1990,  [8.3  8]). 

The  tp/dijt  frcquency-resiwnse  for  the  Wj  ■■  13  rad/s  case  is  shown  in  Figure  8.3.14  to  have  comparable 
accuracy  as  the  ba.scline  model  in  the  range  of  1  rad/s  to  13  rad/s  (except  for  the  omission  of  the  dutch  roll 
mode).  The  estimated  crossover  frequency  is  nearly  identical  to  the  high-order  ba.seline  model.  Also,  the 
closed-loop  performance  metrics  arc  much  closer  to  the  baseline  model  t;  m  was  the  4th-urdcr  model 
(  Fable  8.3.2).  Ihe  first  order  model  for  0/5  “  30  rad/s,  also  shown  in  fngurc  1.3. 14,  is  seen  to  poorly  char¬ 
acterize  the  response  at  both  low  and  high  frequency.  The  frequency  range  of  thi  fit  i.s  clearly  inappropriate  for 
the  quasi-steady  model  structure.  A  similar  analysis  conducted  on  the  pitch  resp.)iis«  indicates  a  useful  band¬ 
width  for  the  quasi-steady  assumption  of  13  rad/s  11)05,  the  overall  useful  bandwidth  of  the  quasi-stcady 
model  structure  is  13  rad/s 

Iliis  analysis  indicates  that  improved  utility  of  the  quasi -steady  models  can  be  achieved  if  the  data  is  band- 
llnuled  to  below  the  rotor  flapping  frequency  (13  rad/s  in  this  case)  before  the  identification  is  completed.  1  his 
band-limitation  easily  accomplished  in  frequency-domain  identification  methods,  since  the  fitting  range  is  an 
explicit  function  of  frequency  (  Fischler  ct  al.,  1990,  [8  3  16];  l  ischler,  198R,  [8  3.17])  In  time-domain  meth¬ 
ods,  the  data  should  be  fdtered  to  eliminate  the  high-frequency  dynamics  ((.lien  et  al  ,  1986,  [8.3.6]).  /Mthougli 
the  coupled  rolor/flapping  instability  can  still  not  be  replicated  with  such  band-limitcil  quasi-stcady  models, 
the  nominal  control  system  performance  may  be  adequately  eslimatcd. 

8.3.7  (londuslom 

1.  An  accurate  model  for  helicopter  control  system  studies  requires  coupled  body/rotor  (lapping  and  lead-lag 
dynamics  The  lead-lag  response  may  be  treated  as  a  one-way  coupled  parasitic  mode  for  the  case  study 
evaluated  hcicin. 

2.  Foi  a  single-rotor  hing^lcss  helicopter,  the  coupled  body/folor-fiapping  mode  liiniis  the  gain  on  attitude 
feedback,  while  the  lead-lag  mode  limits  the  gain  on  attitude-rate  feedback 

3  Quasi-steady  modd.s  that  approximate  the  rotor  response  by  an  equivalent  delay  are  useful  for  estimating 
nominal  control  system  performance  if  the  data  used  in  the  idcntiTtcation  is  band -limited  to  frequencies 
below  the  coupled  body/rotor  response. 
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Mode! 

Fitting 

range 

(In  rad/sj 

Transfer  function 

Fit  cost 

Baseline  Model  7th 
order 

1  ...  30 

2.62  [0.413.  3  07]  [0  0698. 16.2] 

(0)  (0.277. 275]  [0.0421,  15.8][0.509. 13  7] 

12.1 

Coupled  body/rotor  5th 
order 

1  ...  30 

2  47(0.490,  3  11]^"®°*’‘’ 

(0)[0  319.  2.71]  [0  413,  13  5] 

26.8 

Broad  band  quaai-atcady 
4th  order 

1  ..  30 

0,200(0  283,  2.04] 

(0)  (0.214,  2.13]  (9.87) 

102.3 

13  rad/s  banJ-limited 
quasi-steady  2nd  order 

1  ...  !3 

0.300 

(0)(14.6) 

44.2 

Table  8.3.1.  Roll  response  models,  <P  /  <3^ 

Numefciofs  and  dtnominaiors  of  (he  iranxfe.'  functtons  are  decomposed  into  products  of  fur\c(icns  of  the  variable  s. 

represents  the  second  ordet  polynomials^  -y  26ct/^s  +  with  undamped  natural  anpiJar  fre.quer.cy  one 
the  damping  ratio  (  of  modulus  1^'  S  t. 

{* I T)  repftsenis  (he  first  order  polynomial  s  +  t/T.  where  T  *»  time  conatanl. 


Open-loop  metrics  i{>/<l>e 

Closed-loop  metrics 

Model 

GM 

"P 

(In  rad/s) 

(tn  dB) 

(in  radfs) 

(in  radii) 

(in  s) 

Data 

5.72 

6.39 

11.4 

0,58 

0,0658 

Baseline  model 

5.32 

6.51 

113 

9,46 

0.0659 

Coupled  body/rotor 

5.33 

5.70 

11.5 

9.62 

0.0662 

Broad-barid  quasi-steady 

4.28 

10.2 

10.2 

6.9B 

0.0545 

13  rad/s  band-limited 

5.26 

7.96 

11.1 

8,33 

0.0600 

1  Table  8.3.2.  Comparison  of  performance  estimafes 
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SUbclizilion-kMp  root  loots,  Tsryiiig  roU-rite  gain  Kp  Figure  8.3.10.  Lower-order  broad-baiKl  moiiels 
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9.  Conclusions  and  Recommendations 


'I  liis  Report  has  documented  the  activities  and  accomplishments  ol  the  ACiyXRD  Working,  Group  WCi- 18  on 
ftolorcrafi  Syslem  Identification,  l  ust,  recent  system  identification  activities  were  reviewed  following  this,  the 
technical  work  carried  out  by  the  Working  Group  was  prexnted:  the  common  flight  test  data  bases  provided 
to  the  Group  were  described  and  the  applied  identification  methodologies  characleriscd.  Results  obtained  from 
data  quality  investigations  and  identification  and  verification  analyses  were  presented  in  detail  in  the  foim  of 
ease  studies.  Robustness  issues  were  addressed.  I'inally,  examples  drawn  from  the  main  application  areas  for 
system  identification  approaches  were  illustrated.  In  most  of  the  individual  sections,  summaries  or  conclusions 
and  recommendations  were  included.  In  this  section,  the  main  conclusions  are  drawn  together  and  some  gen¬ 
eral  recommendations  of  the  application  of  system  identification  approaches  are  given. 

ITis  following  conclusions  were  obtained: 

1  The  review  of  recent  system  identification  activities  has  clearly  shown  that  the  development  and  applica¬ 
tion  of  identification  techniques  is  concentrated  in  research  organisations  whereas  the  application  in 
Industry  is  still  sporadic  and  tentative  For  example,  in  areas  like  model  validation  and  trouble  shooting 
during  development  flight  tests,  a  strong  n  liance  is  placed  on  experience  and  engineering  judgement  in  the 
interpretation  of  discrepancies  between  simulation  and  flight  test  data.  Here,  time  history  comparisons  arc 
the  most  common  practice.  However.  Industry  rc.sponscs  indicated  a  need  for  more  effective  comparative 
and  diagnostic  tools  and  an  mci'-yislng  interest  in  the  application  of  idcnlifiealion  techniques.  Main  con¬ 
cerns  were  related  to  the  maturity  level  and  the  limitations  of  present  methods.  Hie  responses  have  also 
emphasised  the  craft-like  nature  of  modelling  rotorcraft  flight  dynamics  and  the  need  for  system  identifi¬ 
cation  tools  to  be  compatible  with  this  approach.  An  evaluation  of  the  problem  areas  highliglitcd  by 
Industry  has  shown  that  many  of  the  flight  dynamics  problems  could  potentially  have  been  solved  using 
system  identification 

2  Flight  test  data  obtained  from  the  All-64,  Bf)  105,  and  SA-.530  were  provided  to  the  Working  Group. 
In  section  4  on  AGARD  Working  Group  Data  Base,  it  was  shown  that  each  data  base  provided  more 
measurements  than  required  lor  system  identification,  allhou^  the  All-64  flight  test  were  generated  for 
other  purposes  It  can  be  stated  that  modem  (light  test  instrumentations  usually  include  the  measurements 
needed  for  the  identification  of  6  degrees-of-frx;edom  rigid  body  models  Special  emphasis,  however, 
sluiuld  be  placed  on  the  design  and  conduct  of  suitable  fiiglii  test  manoeuvres  and  the  need  lot  a  carciul 
check  of  the  accuracy  of  the  measured  data. 

.V  From  the  evaluation  o(  the  three  case  studies  the  main  conclusions  arc: 

•  The  flight  lest  data  must  provide  as  much  information  as  pxjssiblc  on  vehicle  dynamics  within  the 
frequency  range  of  interest. 

For  example,  the  AlI-64  flight  test  manoeuvres,  which  were  not  generated  for  identification  pur- 
pxjscs,  were  only  about  10  seconds  long  and  could  not  give  sulficient  low-frequency  information. 
SpKcific  input  signals  should  be  used  to  excite  the  aircraft  mode.s  of  interest.  Mere,  bolh,  multi-step 
.1211  input  signals  and  frequency  .sweeps  are  appropriate,  with  the  distinction  that  the  3211  signal 
seems  to  be  more  suited  for  lime-domain  idcntiTicatioii  techniques  whereas  Irequency  sweep  data 
were  preferred  for  a  frequency-domain  approach. 

•  F'light  test  manoeuvres  should  be  repealed  fo:  redundancy.  In  addition  to  the  tests  designed  for  the 
identification,  flight  tests  with  other  input  signals,  e  g.  doublets,  should  be  flown  to  be  used  for  the 
verification  of  the  identified  models. 

•  Significant  effort  was  spent  in  the  Working  Group  to  evaluate  the  data  reliability.  Redundant  mra- 
surements  were  used  to  delect  scale  factor  cnors  and  measurement  offsets.  Various  techniques  were 
applied  ranging  from  Least  Squares  methods  to  extended  Kalman  Filter  methods.  The  obtained 
results  were  generally  in  good  agreement,  although  the  mote  complex  methods  provided  a  higher 
flexibility  in  detecting  and  isolating  error  sources  and  in  generating  reconstructed  time  histories  A 
detailed  study  was  conducted  with  the  SA-330  PUMA  flight  lest  data,  when;  a  systematic  analysis 
highlightcil  a  variability  in  the  scale  factor  estimation  from  run  to  run  that  could  not  fully  be 
explained  from  the  analysis.  T  he  study  demonstrated  the  considerable  rfl'ort  ne-ccssary  for  the 
reconstruction  of  leliable  data  and  illustrated  the  need  for  an  immediate  data  quality  check  during 
the  flight  lest  phase  The  flight  test  data  from  all  three  data  bases  have  also  shown  that  the  meas¬ 
urement  of  the  helicopter  airspicd  components  is  still  significantly  less  accunte  than  inertial  meas¬ 
urements. 
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•  Identification  rcsnils  provided  by  the  Working  Ciroup  Members  showed  considerable  variations 
lx:twcen  diPTcrent  methods.  I  his  is  particularly  true  for  cioss-coupling  dc. I.atives  but  also  for  some 
primary  derivatives  I  liis  fact  is  cause  foi  a  conceni  inasmuch  as  tlic  time  history  fits  for  both  iden¬ 
tification  and  verification  results  do  not  show  significant  difTcrences.  Certainly,  typical  helicopter 
characteristics,  like  more  or  less  significant  coupling  between  degrees  of  freedom  and  high  correlation 
between  control  and  damping  denvatives,  play  a  role  There  is.  however,  also  some  serious  enneem 
and  doubts  about  the  suitability  of  rigid  body  models,  where  rotor  dynamics  ate  neglected  or 
approaiinated  by  equivalent  lime  dclay.s  From  the  BO  105  ca.se  study  it  can  be  concluded  that 
so-called  more  advanced  identification  methods,  like  Masimum  l  ikelihood,  seem  to  be  best  suited 
for  the  eatraction  of  physically  reliable  models.  ITie  companson  of  the  BO  1(15  results  from  such 
techniques  (ranging  from  time-domain  Maximum  l  ikelihood  approaches  to  a  frequency-domain 
method)  .showed  good  agreements  for  the  identified  derivatives  and  the  identification  and  verification 
plots  in  both  time-domain  and  frequency-domain  formats.  I  he  SA-3i0  derivatives  were  compared 
using  approximate  formulas  for  the  aircraA  modes  of  motion  ITiis  method  has  highlighted  how  the 
different  derivatives  contribute  to  the  modes  hut  could  not  entirely  resolve  the  variations  in  the 
estimates  obtained  from  the  different  methods 

4.  l  or  the  application  of  system  identification,  three  main  areas  were  addressed:  Simulation  model  "ali- 
dation,  handling  qualities,  and  rotorcralt  High'  cont,'cl  sy.'l-cm  design.  It  was  demonstrated  that  system 
identification  can  play  a  major  role  in  these  areas. 

•  !n  simulation  model  v.ilidation,  identification  results  are  particularly  needed  for  the  determination 
of  simulation  model  deficiencies  and  to  support  the  model  upgrading  I^iffcrcnrcs  between  theore¬ 
tically  predicted  and  flight  derived  derivative  c.stim.ilcs  can  point  the  way  in  tbe.se  areas.  I  he  .SA-.3.3() 
fhitch  roll  behaviour  was  explored  in  this  context. 

•  1  landling  qualities  can  often  he  obtained  from  relatively  simple  non-parametric  or  parametric  models 
which  describe  only  the  dominant  aircraft  characteristics.  Such  models  can  be  obtained  relatively 
easily  from  system  identification  and  are  useful  for  establishing  handling-qualities  design  guidelines. 
Several  examples  were  presented  including  the  criterion  for  vertical  response  to  collcclive  control 
input  using  the  .\ll-64  data. 

•  In  contrast  to  the  handling  qualities  application,  which  usually  addresses  the  lower  frequency  range 
of  vehicle  dynamics  the  design  of  high  bandwidth  ftiglit  cuiiind  sy'iems  requires  accurate  rotorernft 
modcl.s  extending  to  the  higher  frequency  range  Here,  often  model.s  arc  needed  that  Include  rotor 
degrees  of  freedom  with  coupled  body/Volor  flapping  and  lead/lag  dynamics.  First  identification 
results  derived  using  the  BO  105  database  are  motivating  and  promising  and  certainly  show  the 
direction  fur  further  research  work  However,  these  approaches  were  beyond  the  scope  of  detailed 
study  hy  the  Working  (iroup. 

Ba.scd  on  the  discussions  and  the  results  generated  in  the  Working  CJroup  some  rrcommcndalions  with  respect 

to  the  application  of  system  identification  in  Industry  and  the  further  imit.ovement  of  the  approaches  can  be 

summari/ed: 

1.  It  is  fell  tha’  .system  identification  techniques  (and  in  particular  the  more  advanced  methods)  have  reached 
a  maturity  level  that  makes  them  a  u.sjful  and  pow-erfu!  tool  to  support  Industry  activities  m  model  vali¬ 
dation,  handling  qualities  evaluations,  control  system  design,  and  rolorcraft  system  design  ITiey  can 
potentially  provide  a  major  contnbution  in  risk  and  cost  reduction  during  the  rotorcraft  development 
phase. 

2.  d  o  fully  mafise  this  potential  it  is  desirable  to  establish  a  closer  contact  between  research  organisations, 
who  have  developed  and  applied  system  identilicalion  techniques,  and  Industry.  The  extensive  knowledge 
available  in  the  research  organisations  and  the  design  experience  in  Industry  are  m.ajor  prerequisites  for  a 
successful  conxmon  and  practical  application  of  identification  approaches.  This  potential  should  be  uti¬ 
lized  as  early  as  possible  in  order  to  make  use  of  these  tools  in  an  optimal  way. 

3.  To  support  interdisciplinary  activities  it  is  also  highly  recommended  to  establish  teams  of  representatives 
from  research  organisations  and  Industry  to  make  use  of  the  individual  experiences  and  to  define  future 
needs,  where  the  available  techniques  can  help  to  meet  the  requirements  in  the  field  of  rotorcraft  system 
devetopinenis  (like  the  NATO  Nil  90).  In  addition,  a  major  application  area  is  teen  in  the  support  of 
simulator  improvements  needed  for  development  and  training  purposes.  IT.e  planned  AGARD  I-ecturc 
Series  1^  1 78  on  Rotorcraft  System  Identification  will  be  uscxl  as  a  spur  to  stimulab  the  formation  of  such 
support  teams. 
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4.  One  of  the  main  obstacles  for  the  comparative  application  of  system  identification  to  helicopters  is  the 
lack  of  standards  or  other  agreements  on  special  concepts,  quantities  and  symbols  in  the  domain  of 
rotorcraft  flight  dynamics  I  his  lack  makes  it  very  difficult  if  not  impossible  to  establish  a  common  con¬ 
ceptual  basis  for  the  investigations  ajid  the  comparisons.  As,  however,  such  .standards  exist  for  aircraft  in 
general  and  cover  many  areas  of  rotorcraft  flight  dynamics  ([9.  Ij),  it  is  recommended  to  use  these  for 
helicopters  wherever  possible.  1  his  not  only  would  facilitate  the  comparisons  but  would  also  eliminate 
possible  error  sources. 

5  It  is  further  recommended  to  intensify  the  contact  between  research  organisations  working  in  the  field  of 
rotorcraft  identification  Further  icscarch  work  should  particularly  concentrate  on  the  development  of 
reliable  approaches  for  model  structure  determination  to  make  the  cstim?tion  processes  computationally 
faster  and  more  efficient.  Control  input  design  is  a  second  critical  research  topic  requiring  more  attention 
A  further  objective  is  the  development  and  identifleation  of  extended  rotorcraft  models  that  arc  valid  in 
A  wide  frequency  range  and  the  determination  of  significant  nonlmcaritics  to  be  included  in  the  models 
to  extend  their  validity  beyond  small  pcilurbation  assumptions. 

6.  fo  date,  practically  all  rotorcraft  identification  work  has  been  related  to  level  flight  conditions  in  the 
medium  or  higher  s|>ccd  range  anil  to  .small  amplitude  manoeuvres,  i  hc  work  of  WCi-18  has  demon- 
•strated  the  challenge  involved  with  surh  m.M. oeuvres,  yet  they  can  be  considered  relatively  easy  compared 
with  other  manoeuvres  within  the  flight  envelope,  eg.  hover  manoeuvres,  turning  rnanocuv/cs,  flight  in 
turbulence,  where  coupling  or  measurement  uncertainties  can  be  much  greater  Research  acliviiics  reed 
to  spread  into  these  more  complex  areas  in  order  that  the  new  problems  can  be  faced  and  solution 
methods  developed.  'Ihere  is  scope  for  .simulation  test  data  to  be  used  initially  to  guide  test  input  / 
manoeuvre  design  and  the  development  and  refinement  of  idciuificntion  methods.  Research  organisalion.s 
need  to  lead  the  way  in  the  important  development. 

7.  Finally  it  is  recommended  that  the  helicopter  manufacturers,  panicularly.  make  .i  determined  eflort  to 
assimilate  the  results  of  thi.s  ACJARD  Working  (Jroup  and  feedback  within  their  oah  Nations  their  con¬ 
tinuing  conccm.s  and  aspirations. 
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14.  Abstract 


For  fi.xcd  wing  aircraft,  system  tdentificatton  methods  lo  determine  stability  and  control  ! 

derivatives  from  flight  test  data  are  used  with  confidence,  fhe  application  of  the  same  lechniqucs  ! 
lo  roti'rcrafi  is  not  so  far  advanced  mainly  because  of  the  helicopter  aeroniechanical  complexity.  \ 
Only  a  few  specialists,  mostly  in  research  organisations,  have  conceniratccl  on  this  field  and  the 
application  in  industry  is  still  sporadic. 

Id  coordinate  these  activities  within  the  AGARD  nations  a  Working  f  iroup  v/as  constituted  to 
focus  on  the  applicational  aspects  of  the  various  individual  approaches  and  to  evaluate  the  j 

strengths  and  weaknesses  of  the  different  methods.  Members  of  the  Working  Group  applied  their  j 
individual  identification  approaches  to  three  common  flight  test  data  sets  ( AH-64,  BO  105,  and  ■ 
SA-330)  that  were  provided  to  the  Group  by  MDHC.  DLR,  and  RAi;  1 
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The  Report  contains  the  findings  of  the  Wdikrng  Group  including  a  docu.mientBlion  of  the  data  j 
bases,  the  applied  identification  methodologies,  and  major  application  areas.  Tor  each  of  the  three  | 
helicopters,  comparisons  of  the  obtained  results  are  discussed  in  the  formal  of  case  studies,  | 

covering  data  quality  evaluations,  identification,  and  the  verification  of  the  obtained  models.  ^ 

This  report  was  prepared  by  the  Working  Group  W'G  18  sponsored  by  the  High;  Mechanics  Panel 
ofAGARD. 
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